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CHAPTER ONE 
INTRODUCTION AND LITERATURE REVIEW 
1.1 Introduction: 
Cylindrical roller bearings have high radial load capacity. They contain rollers that 
are cylindrical in shape. Machine elements in concentrated rolling motion (rolling element 
bearings) may fail for a variety of causes, like wear, what is known as galling failure, 
localized plastic deformation, over loading and overheating. Most or all of these causes may 
be avoided or reduced by careful system design and manufacture. Even so, the system may 
then fail eventually by fatigue. In rolling element bearings, the fatigue occurs where there are 
rolling contacts that suffer from repeated loading. To date, there is no proper examination of 
the damage in the rolling contacts. It is just known that repeated stressing of the machine 
elements causes irreversible changes in them, which results in the formation of cracks. These 
cracks occur after a random number of load cycles based on the stress distribution inside the 
machine element. The sign of the crack propagation is formation of some damage in the 
contact surface known as pitting or spalling [1]. Since the stress distribution within the 
machine element is a main factor of determining fatigue life, some design changes should be 
made to redistribute the contact stresses of the rolling elements. Making rollers hollow might 
be a good technique to redistribute those contact stresses. 
Using hollow rollers in the roller bearings had the interest of some designers because 
of their advantages over solid rollers. These include reducing the material used in making the 
rollers, less weight for the roller bearing, and the ability to preload the hollow roller element, 
giving it more stability with less noise and vibration. Hollow roller bearings are single or 
double row radial bearings with an inner ring, outer ring and hollow or thin wall rollers. The 
thin wall in the rollers allows these bearings to be preloaded, as opposed to cylindrical roller 
bearings with solid rollers. This increases radial stiffness and reduces radial vibration and 
radial run out. Proper lubrication is critical for proper operation and bearing life. These 
bearings with hollow rollers are used on turbine shafts as well as grinding, milling, and work-
head spindles where precision and stiffness are a requirement. For these reasons hollow 
rollers are used in these roller bearings. In traction drives, two or more sets of rollers are used 
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in contact between the inner race and the outer ring. They utilize traction or friction to 
transmit torque and power. So, they can be used with lubricant or without lubrication. When 
a lubricant is used, the power transfer takes place through a thin shearing layer of pressurized 
lubricant. Ai [2,3] indicated that traction drives have unique characteristics which are not 
present in gears. Like the high mechanical efficiency, little or no backlash, low noise and 
vibration. In friction drives, the power is transmitted between the contacted surfaces using 
Coulomb friction. No lubricant is used in friction drives. A good example of traction drives 
using cylindrical roller bearings is the self actuating traction drive designed by Flugrad and 
Qamhiyah [4]. This traction drive is used as a basis for this work. Even so, the results can be 
generalized for cylindrical rollers used in roller bearings and other traction drives. 
Ai [2,3] developed planetary traction drive transmission with zero spin. Traction 
drives with their two types; the fixed ratio transmission (FRT) and the continuous variable 
speed (CVT) usually have the problem of the spin motion that causes rotational sliding 
between the contacted surfaces about an axis normal to the surfaces and thus must be oil-
lubricated [2], The spin motion causes power loss and component wear. Even so, there are 
many designs for traction drives which have zero spin motion especially those have 
cylindrical rollers like the traction drive developed by Flugrad and Qamhiyah [4] and the 
zero spin design of Ai [2,3]. The zero spin design of Ai [2,3] improved the mechanical 
efficiency of the traction drives when operated with lubricant and running dry. He found that 
lubricant churning-loss is an important power sink. So, traction drives running dry might 
have higher mechanical efficiency than running with lubricant. 
Using traction drives has many advantages over gears, such as less noise, easier to 
manufacture, and easier and cheaper to maintain. On the other hand, one of the main 
disadvantages of using the traction drives over gears is its weight. For the same load 
application, the required traction drive is heavier than the required gear system. So, this 
research interest is to find a solution for the two problems of the cylindrical rollers; their 
fatigue life and their heavy weight. A solution for both these problems can be found by using 
hollow rollers instead of solid rollers. Using the hollow rollers means less weight. And so the 
problems are partially solved. But what about the fatigue life? Will it be improved by using 
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the hollow rollers or not? And since the hollow rollers have some advantages over the solid 
rollers, why not replace the solid rollers in roller bearings? 
To determine the reason for not using hollow rollers extensively in the bearing 
industry, the second question was asked to many roller bearing manufacturing companies. 
Most of them agreed on some advantages of hollow rollers over solid rollers. "The use of 
hollow or phenolic materials in bearing assemblies often helps dissipate heat, thus keeping 
grease stable and adding longevity to the bearing assembly life", Mark Jennings from 
Bearings and Related Components Inc. said. But roller bearing manufacturing companies 
mentioned two main disadvantages of using the hollow rollers; which are the manufacturing 
cost and the fatigue life failure especially in bending. Mark Jennings added "The shift to 
hollow rollers is not likely to ever come as there is very little economic savings and this is the 
only thing that pushes bearing manufacturers to make design changes to reliable product in 
use for over 100 years". So, there is very little economic savings in the reduced material used 
to manufacture those hollow rollers and the less weight advantage is not enough to shift to 
hollow rollers while they are still not sure about the reliability of those rollers. Jennings did 
not realize as many other roller bearing manufacturers the fatigue life improvement of the 
rollers when making them hollow. Some manufacturers think that to have reliable hollow 
rollers, it should be made of high quality steel, and that means higher costs. Other 
manufacturers think that the hollow rollers are not reliable to be used in medium and heavily 
load applications, "making rollers hollow lose some stiffness as the rollers are more likely to 
bend and flex. The bending of rollers causes high stresses and often roller fracture under 
moderate to heavy loads", Gary A. Cave from Timken said. On the other hand, most of them 
agreed on many advantages of using hollow rollers in bearings, like material savings, the 
ability to preload and produce more stability. Also there is good performance in applications 
dealing with precious weight factors and good heat dissipation which would keep the grease 
stable and might increase the fatigue life of the bearing. 
So, to answer the first question about the fatigue life of the hollow rollers and study 
the second disadvantage mentioned by roller bearings' manufacturers, research should be 
conducted to investigate and analyze the behavior of hollow rollers under different loading 
conditions and compare that to the behavior of solid rollers. 
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In this research, numerical simulations of two rollers in contact under two loading 
conditions, pure normal loading and pure rolling contact with normal and tangential loads 
have been made to study the fatigue life of hollow rollers, and to compare it to solid rollers. 
Different materials have been used for the hollow rollers investigated. 
1.2 Literature Review: 
The contact problem between two elastic bodies has had the attention of several 
researchers over the last century. It was first investigated for two elastic bodies subjected to 
pure normal loading by Hertz [5], He used the Newtonian potential function to study the 
distribution of the stresses in the contact body and to study the distribution of the load over 
the contact area. Hertz verified his solution by experimental results. He got good results for 
the stresses in the contact region, called Hertzian stresses. 
The tangential loading effect on contact stresses was not taken into consideration until 
1939. A general theory of two semi-infinite elastic bodies in contact was developed by 
Lundberg [6], In his theory, each component of the load in each direction of the Cartesian 
coordinates is represented by a potential function. The tangential loading components were 
considered as frictional forces between the two bodies in contact, but he did not consider the 
stresses caused by those tangential components. 
The distribution of the tangential loading in the area of contact was studied by 
Mindlin in 1949 [7], He assumed one elastic body sliding over the other, and he assumed the 
tangential loading value at the point of contact did not exceed the product of the coefficient 
of friction between the two bodies and the normal loading value. The value of the coefficient 
of friction he used in his analysis was 0.33. He found that the tangential loads generate 
infinite stress at the boundaries of the contact area. In the same year, Poritsky [8] obtained a 
solution using two different methods for the same problem, but with coefficient of friction of 
0.3. 
Smith and Liu [9] extended the solution obtained by Poritsky [8] to consider the 
effects of these stresses in causing failure by inelastic yielding and fatigue. They assumed the 
Hertzian distribution of the normal and tangential loads over the area of contact. The 
resulting stresses of applying the normal and tangential loads were represented in a closed 
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form. A coefficient of friction of 0.33 as a proportionality factor between the tangential and 
normal loads was used. 
Smith and Liu [9] showed that for pure normal loading, the maximum shearing stress, 
and so the maximum Von Mises stress, are under the surface. When applying a combination 
of both normal and tangential loading, the maximum shearing stress moves to the surface of 
contact. 
The interest in using hollow rollers in bearings started in the 19th century. Many 
patents were issued for different designs of hollow roller bearings. In 1897 Miller [10] 
received a patent for a hollow roller bearing in which the rollers were formed of spirally 
wound strips of metal. Eight years later Fownes [11] patented a thin walled hollow roller 
bearing. In his invention he tried to provide more flexibility and soften the shocks the vehicle 
was subjected to on rough roads. In the next year a more flexible roller bearing was invented 
by Canre [12]. He used slots in the walls of his thin walled tubular rollers. After that many 
designers received many patents for new hollow roller designs, like Lockwood [13], 
Steenstrup [14] and Lockwood [15]. One of the best deigns for hollow roller bearings was 
made by Steffenini [16] in 1947. He discussed the use of preloaded hollow rollers, including 
cylindrical, tapered, wrapped and layered rollers with complete and partial hollowness. 
Many researchers started to discuss the advantages and disadvantages of hollow 
rollers. Hanau [17] described the advantages of roller bearings with over 50 percent 
hollowness in high speed applications. Given [18] pointed out the advantages of hollow roller 
bearings in driving turbine shafts at the required speed. Harris [19] utilized this advantage in 
his patent with 60 to 80 percent hollowness. In his design, he increased the hollowness to be 
able to increase the preloading and so reduce the roller skidding. 
Zaretsky [20] reported many experimental tests made between 1967 and 1978 to 
investigate the fatigue life of hollow balls, hollow rollers and cylindrical hollow balls. He 
indicated that calculations made by Harris in 1968 [21] showed that using hollow balls in the 
bearings causes the reduction of the centrifugal loading as a result of reducing the mass of the 
rolling element. He believes that to have significant effect on the bearing fatigue life, the 
mass should be reduced at least 50% by using hollow rolling elements. 
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Scibbe et al. [22] and Coe et al. [23,24] used the NASA five ball fatigue tester to 
study hollow balls and solid balls. They found statistically insignificant differences in the 
fatigue lives of hollow and solid balls. Coe et al. [23,24] and Potts [25] found most of the 
hollow balls failures were probably due to classic subsurface fatigue and not as a result of 
wall flexure. Coe et al. [26] conducted additional experiments on the fatigue life of hollow 
balls with different sizes and materials. They found that the fatigue life of hollow balls is not 
significantly lower than the fatigue life of solid balls, and for those balls with 50% 
percentage of hollowness, failure was due to subsurface fatigue. The hollowness percentage 
is the ratio of the diameter of the hole to the outer diameter of the ball. However, when Coe 
et al. [26,27] increased the normal ball load to more than twice, the hollow balls started to 
fail by flexure fatigue. 
Some experimental investigations were done on hollow roller bearings like the one 
done in 1976 by Bamberger et al. [28] on AISI 52100 hollow bars. They tested the fatigue 
life of hollow bars with different percentage of hollowness; 50%, 62.5%, 71% and 84%. 
They tried to study the effects of hollowness percentage, the applied load, and the material on 
the fatigue life and the failure mode and propagation. The experimental results were not 
sufficient to prove the advantage of using the hollow rollers over the solid ones. Bamberger 
et al. [28] found no flexural failure occurred when the bore stress was 379 MPa. If the bore 
stress increased to 490 MPa, 10 out of 14 bars failed by flexural fatigue. When they 
compared the fatigue life of solid bars with the hollow bars with 50% percentage of 
hollowness, they could not find significant difference. 
Anderson and Coe [29] developed the concept of cylindrical hollow balls. In 1975 
Irwin [30] designed a cage to prevent the cylindrical holes from moving into the contact 
zone. Coe et al. (1971b) [26], Holmes [31], Scibbe and Munson [32,33] and Munson [34] 
tested the fatigue life of this kind of hollow rollers. They found them to have the same 
flexural failure mechanism as hollow bars and hollow balls. Coe and Lynch [35] and Nypan 
et al. [36] calculated the maximum tangential tensile stress at the bore of the drilled balls 
tested by Holmes [31]. Nypan et al. [36] and then calculated the maximum tangential tensile 
stress at the bore of the drilled balls tested by Munson [34]. They found this type of hollow 
balls is very good in resisting bending. Most fatigue failures of this design were due to 
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surface fatigue rather than fracture fatigue. Surface finish effects on the flexural failures were 
experienced by Holmes (1972) [28] and reported by Bamberger et al [37] and Bamberger and 
Parker [38]. They found flexural fatigue failures of hollow bars and the drilled balls at tensile 
stresses considerably below the endurance limit suggested by Sachs et al [39]. That might be 
related to the rougher bore surface and the stress-raising effect of minute surface 
irregularities. Based on these results Zaretsky [20] believes that hollow and drilled balls have 
fatigue life problems and different failure modes. So he does not recommend using them in 
critical aerospace applications. 
Bowen utilized the advantages of preloading the hollow rollers and their superior 
characteristics in his patents in 1976 [40] and 1977 [41]. Many unique characteristics of the 
hollow roller were discussed by Bowen and Bhatej a [42]. They discussed the preloading of 
hollow rollers and high precision of controlling the output shaft speed using hollow roller 
bearings. The advantage of the hollow rollers' weight, which results in higher speed 
capabilities, was also pointed out. They explained how preloading the hollow rollers results 
in improving their stiffness compared to solid rollers. Bowen and Bhatej a noted that in low 
speed hollow rollers, the limiting factor of the fatigue life is the contact stresses. These 
stresses can be reduced by increasing the number of the preloaded hollow rollers sharing the 
load. At high speeds, Bowen and Bhatej a thought the increase in the oil film thickness, the 
lighter weight of the rollers and the complete preloading and roller's compliant nature, all 
tend to increase the contact surface fatigue life. So the bending stresses, especially those 
happening at the bore surface would be the fatigue life limiting factor. 
Bowen and Bhateja [42] experimentally investigated the 50 to 80 percent hollowness. 
They found that rollers with 50 percent hollowness are stiffer and have less deflection than 
the roller with 70 percent hollowness. Therefore, the 50 percent hollow roller behaves like a 
solid roller, and most of the deformations occur at the contact surface. Bowen and Bhateja 
believed the 50 percent hollow roller is not practically usable for most applications. They 
also found that the 80 percent hollow roller is so flexible that the load carrying capacity is 
severely limited. Their conclusion was that a hollowness range from 60 to 70 percent is the 
best to use for most applications. 
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The fatigue life of the hollow roller bearings compared to solid roller bearings has 
been studied by many researchers. The general trend has been to agree that the fatigue life is 
improved in the case of hollow roller bearings. However, they used different methods to 
prove that. 
Murthy and Rao [43] studied the contact of hollow cylindrical elements. They 
evaluated the contact stresses for hollow elements by finding the equivalent modulus of 
elasticity and applying the same Hertzian equation used for solid rollers. They supported 
their results by experimental investigation in which the hollow rollers performed better than 
solid rollers. They related that to the reduction in the contact stresses in the case of hollow 
rollers. The analytical method they used was not rigorous, but their experimental findings 
were still valuable. They found that the hollow roller is subjected to contact stresses at the 
outer contact zone and to bending stresses whose values are maximum at the inner surface. 
Failure of the hollow roller could be of either the pitting fatigue mainly found at the contact 
point on the outer surfaces or due to flexural fatigue resulted from bending stress on the inner 
surfaces beneath the point of load application. 
So and Gohar [44] studied the elastic distortion of rollers under combined radial and 
thrust loads. They found that significant end face bulge occurs at each roller when subjected 
to radial loading converting to a small depression when the radial loading is combined with 
axial loading. 
Using hollow rollers improves the wear characteristics of the contact surfaces of the 
rollers as presented by Somasundar and Krishnamurthy in 1984 [45]. They investigated the 
surface durability of tufftrided hollow rolling elements. The tufftrided layer behaved like a 
thin coated film on the surfaces of contact. They found an improvement of 15% in the 
surface wear of hollow rollers over using solid rollers. 
In the analysis of the life test results, McCool [46] presented a methodology for the 
analysis life test results at all combinations of the levels of two factors. He examined the 
effect of load and speed as two external factors on the distribution of roller fatigue life. That 
methodology was defined by factorial experiments. Since the Lundberg and Palmgren (LP) 
and Ioannides and Harris (IH) fatigue life theories are both based on the Weibull distribution 
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of the fatigue life, McCool [46] evaluated the effect of the two external factors on that 
Weibull distribution of the fatigue life. 
In 1996 Elsharkawy [47] developed a numerical model for two viscoelastic cylinders 
in contact. His analysis was to solve for the contact pressure and contact area. But his 
analysis was restricted to normal contact only. Elsharkawy ran his analysis assuming dry 
contact using a computer program. He pointed out the effects of the viscoelastic behavior of 
the material of solid rollers when running dry. 
The contact problem of hollow cylinders was analyzed by Hong and Jianjun [48]. 
They used three hollowness percentages in their analysis; 50%, 60% and 70%. As defined 
earlier for the hollow balls, the hollowness percentage is the ratio of the diameter of the hole 
to the outer diameter of the cylinder. In their experimental results, they found that the contact 
stresses of 50% hollow cylinders are 33%-35% less than contact stresses of solid cylinders. 
That was related to the increase of the contact area of hollow cylinders. In their theoretical 
analysis they found that in rollers with 50% hollowness, most of the deformation occurs at 
the contact region, and the amount of bending deformation is very small. This shows why 
they behave like solid cylinders. 
Hong and Jianjun [48] concluded that when hollowness is less than 70%, fatigue life 
of contacting bearings can be improved. That is not related to the change in the contact 
width, but to the decrease of the contact stresses. 
Another analysis carried out to compare the stress distribution in solid rollers and 
hollow rollers was done by Zhao [49]. He simplified the bearing contact problem to a planar 
contact problem and used the virtual contact loading method to study the stress distribution 
within the roller bearing. His numerical solution agreed with the analytical solution in having 
better load distribution for hollow roller bearings than the solid roller bearings. 
According to many researchers and commercial literature, the endurance of the 
bearings is determined by fatigue. The standard methods of calculating the fatigue life of the 
bearing are based on the work of Lundberg and Palmgren [50,51], They modified the LP 
theory for reliability, material and lubrication factors. One of the main shortcomings of the 
LP theory was the lack of a precise knowledge of the mechanics of lubrication for 
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concentrated contacts. Life adjustment factors were used to improve the original standards of 
the Lundberg and Palmgren work. 
The LP theory assumes that the fatigue crack initiates under the surface of contact 
where the orthogonal shear stress is the maximum, at a weak point. It then propagates 
towards the surface. They thought that no matter how high the surface stresses are, the crack 
initiation will always start under the surface. On the other hand, Tallian [52] defined two 
modes of fatigue failure; surface initiated and subsurface intiated. He thought there is a 
possibility for crack initiation from the surface that propagates downward. His results agree 
more with the experimental results of the tests carried out on ball and roller bearings by 
Lundberg and Palmgren. 
The LP theory risk volume extends from the surface to the point of maximum 
orthogonal shear stress. Another shortcoming for the LP theory is it does not account for the 
rate energy is applied to the surfaces of contact. 
In 1985, Ioannides and Harris [53] described a new model for the fatigue life 
prediction of bearings. They tried to fix all the shortcomings found in the LP theory. The 
Ioannides and Harris (IH) theory assumes that the major part of the bearing life is consumed 
during the crack initiation stage, and the crack propagation stage is relatively short. So, they 
approximated the bearing life by the crack initiation life. Like the LP theory, the IH theory 
uses the Weibull weakest link theory to calculate the fatigue life of a rolling bearing. 
A main difference between the IH theory and the LP theory is that the IH theory 
defines a fatigue limit. If the stress is less than that limit, the bearing can have infinite life. 
Therefore, the definition of stressed volume, known as volume under risk, is the volume of 
the material that has a stress value greater than the fatigue limit. 
IH theory was applied to beams in torsion, rotating beams and rolling bearings using 
the exponent parameter values used by LP theory with some modifications. They got good 
agreement with the experimental results. 
Harris and McCool [54] compare the fatigue life predictions by LP theory and IH 
theory for 62 bearing applications. They found that the IH theory is more accurate in 
predicting the bearing fatigue life. Harris and McCool [54] found that the IH method is an 
excellent predictor for fatigue life of radial ball and cylindrical roller bearing applications 
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and angular contact ball bearing applications. The LP method and the standard method 
underestimate the fatigue life, especially for low loads when the stresses are less than the 
fatigue limit. Harris and McCool [54] explained how IH theory is a stress-based method and 
so can be extended to predict the fatigue life for new applications. They concluded that the 
IH theory can be further developed for use as a standard. 
Harris and Yu [55] demonstrated the risk volume used by the LP theory. The 
prediction of the fatigue life of a rolling bearing depends mainly on the stressed volume. 
They believe that the stressed volume used by LP theory was not appropriate, and so their 
fatigue life prediction was not accurate. Harris and Yu [55] pointed out that the volume used 
by LP is limited to the depth of the maximum orthogonal shear stress, while the real stressed 
zone extends beyond that. They illustrated their investigation by examples showing crack 
initiation beyond the risk volume suggested by LP theory. 
Harris and Barnsby [56] supported the idea of Harris and Yu [55] by showing the 
effect of the surface shear stress on the subsurface stresses and the maximum orthogonal 
stress. They used the method of Ahmadi et al. [57] to describe the effect of adding surface 
shear stress on the subsurface stresses. It was shown that the addition of surface shear stress 
does not significantly affect the magnitude or location of the maximum orthogonal shear 
stress. However, it is known that surface shear stress does have a significant effect on fatigue 
life. So, the magnitude or location of the maximum orthogonal shear stress is not appropriate 
for determining the fatigue life of the bearing. 
Castleberry [58] discussed four critical stresses which must be evaluated when 
investigating the bearing fatigue life. The stresses are the maximum compressive stress, the 
maximum tensile stress, the peak maximum shear stress and the peak alternating shear stress. 
Nikas [59] developed a model in 2002 to study the elastohydrodynamics and the 
contact mechanics of a continuously variable transmission type contact. He applied the IH 
theory to the numerical results of stresses he found. He used the relative fatigue life, which is 
the life divided by the reference life, to evaluate his results. Two fatigue stress criteria were 
used, the Deformation Energy (Von Mises) criterion and the Maximum Shear Stress 
criterion. He found that, increasing the contact load reduced the fatigue life of the roller 
bearing but increased the traction and efficiency. 
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In 2000, Zaretsky et. al. [20] made a comparison between life prediction formulas of 
the LP theory, IH theory and Zaretsky and full-scale ball and roller bearing life data. They 
found that the predicted life of the bearing does not depend only on the life equation used, 
but also on the assumed Weibull slope. Zaretsky et. al. [20] found that the load life exponent 
of 10/3 used in the ANSI/ABMA/ISO standards is not consistent with most of the bearings 
used nowadays. Harris and McCool [54] found the median unbiased (mub) maximum 
likelihood estimates of the Weibull slope based on the bearing type. In this work, unbiased 
value of the Weibull slope for roller bearings found by Harris and McCool [54] of 1.59 is 
used in this work. 
Norton [60] Indicated that high strength materials are required in contact stress 
application. He believed that no materials show an endurance limit against surface fatigue 
and all will fail if subjected to sufficient number of contact stress cycles. On the other hand 
Harris and McCool [54] indicated some values of the endurance limit for various bearing 
steels. These values are used in this work. 
According to the literature, the IH theory is one of the best recent theories for 
predicting the fatigue life of roller bearings. Therefore, it will be applied to the models 
developed in this work. Moreover, the modified approach that Nikas [59] used in applying 
the IH theory on his numerical results and estimating the relative fatigue life will also be used 
in this work. Since running rollers without lubricant increases the mechanical efficiency as 
indicated by Ai [2,3], numerical simulation in this work assumes no lubricant present 
between the two rollers in contact. Moreover, running the rollers dry increases the fatigue life 
as demonstrated by Way [61]. 
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CHAPTER TWO 
PROBLEM STATEMENT AND SOLUTION TECHNIQUE 
2.1 Problem Statement: 
The contact problem between two solid cylinders has been discussed by many 
researchers. Smith and Liu [9] developed a mathematical model for solid cylinders. Trying to 
improve this model to work for hollow rollers resulted in unreliable assumptions. No reliable 
analytical model has been developed for hollow cylinders to study the stress distribution in 
the contact zone and the resulting deformations due to a combined normal and tangential 
loading. To study the fatigue life of hollow rollers, the stress distribution in the rollers' 
bodies needs to be determined. Then a fatigue life theory can be used to determine the fatigue 
life of those rollers. In pure rolling contact problems, the loading has two components, 
normal and tangential which should be taken into consideration in the stress analysis. A 
sufficient coefficient of friction should be applied to make sure no slipping occurs. 
In the self actuating traction drive developed by Flugrad and Qamhiyah [4] the 
cylindrical rollers are subjected to both normal and tangential loading. In that traction drive 
that is shown in Figure 2.1, there are three pairs of solid cylindrical rollers. Each of the 
cylindrical rollers is in contact with an identical sized roller from one side and with a bigger 
roller from the other side. The initial idea of this research is to examine the use of hollow 
rollers instead of the solid cylindrical rollers in the self actuating traction drive designed by 
Flugrad and Qamhiyah. Even So, research results can be generalized for all hollow rollers' 
applications. To determine the fatigue life of the hollow rollers, the stress and strain 
distribution should be studied and analyzed. 
Figure 2.1 Self actuating traction drive designed by Flugrad and Qamhiyah 
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The optimum percentage of hollowness at which the maximum fatigue life can be 
obtained should be analyzed too. Factors affecting the optimum percentage of hollowness 
should be considered in the analysis, like the relative size of the rollers in contact and the 
loading type, whether it is pure normal loading or combined normal and tangential loading, 
the kind of material of the rollers and whether both rollers in contact are hollow or only one 
of them is hollow. 
2.2 Solution Technique: 
The solution of this problem involves two main stages. The first stage is the 
numerical simulation of the two rollers in contact using a finite element package to get the 
stress values and to determine the volumes under risk. The volumes under risk can be 
determined by the regions where the stress value exceeds or is equal to the endurance limit of 
the material used for the rollers. The second stage is the analysis in which a fatigue life 
theory is used to study the resulting stress values from the numerical simulation and predict 
the fatigue life of the rollers in contact. 
The loading conditions are considered. The first is when the two rollers are subjected 
to pure normal loading, and the second when the rollers are subjected to combined normal 
and tangential loading. The two rollers have been assumed to run dry, with no lubricant. Two 
main models have been studied. When the two rollers have identical size, called Model 1, 
and when the two rollers have different size, called Model 2. In each model of the two, two 
cases have been studied; when the hollow roller is in contact with another hollow one with 
the same percentage of hollowness, and when that hollow roller is in contact with a solid 
roller. The roller of concern in this work for which all the analysis has been made is the 
hollow one which is the smaller one in Model 2. 
To determine the optimum hollowness percentage with the longest fatigue life under 
certain conditions, different hollowness percentages between 20% and 80% have been tested. 
Investigations have been made for five different materials, CVD 52100, carburized steel, 
VIMVAR M50, MSONiL and induction-hardened steel. 
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2.2.1 Numerical Simulation: 
To determine the stress distribution throughout the rolling elements and to study the 
resulting deformations of the contact bodies, a finite element software package is required. 
One of the best advanced finite element software packages which are extensively used 
nowadays for structure analysis, contact problems and dynamic analysis is ABAQUS. 
ABAQUS software has an unsurpassed reputation for technology, quality and reliability. It 
has been adopted by many major corporations across all engineering disciplines as an 
integral part of their design process. 
In ABAQUS the two rollers were modeled as two cylindrical bodies in contact. They 
are subjected to normal loading through two analytically rigid zero thickness sheet plates, as 
shown in Figure 2.2 in which two solid identical sized rollers are in contact (Model 1). The 
stresses which have been used in the fatigue life analysis are the ones in the contact 
cylinders' halves, away from the rigid body plates. 
Two main models have been built. The first one with identical sized rollers (Model 
1 ), while the other one with different size rollers such that one of the cylinders is twice as 
large as the other. This model is called Model 2. The analysis was started with both rollers 
solid. The results of both models have been verified by comparison with the solution of 
Smith and Liu [9], for both cases; pure normal loading and a combination of normal and 
tangential loading results which are shown in Norton [60]. This is a good check of the 
validity of the models and the boundary conditions applied on the model. 
In the second stage of the simulation one of the solid cylinders was replaced by a 
hollow cylinder, and the same loading combinations were applied. Different hollowness 
percentages have been tested; 20%, 40%, 50%, 60%, 70% and 80%. The hollowness 
percentage is the ratio of the hole diameter to the outer diameter of the roller. In the third 
stage of the simulation, both rollers were hollow with the same hollowness percentage. 
Using ABAQUS enabled us to describe all the stress components' values and 
distributions through the rollers' bodies. Highly stressed regions with Von Mises stresses 
higher than the endurance limit have been determined. Those regions are referred to as risk 
volumes. The endurance limit or the fatigue life of the material was defined by Shigley and 
Mischke [62], as the strength beyond which, failure will not occur no matter how great the 
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number of cycles. Both rollers are assumed to be made of CVD 52100 Steel, with endurance 
limit of 680 MPa, Harris [63]. For the identical model, the size of the rollers is 20 mm for 
both the diameter and the length. In the non identical rollers, the diameter of the secondary 
roller is doubled. The secondary roller is the roller that was kept solid in the second stage 
while the main roller is the one that was hollow in that stage. The main focus was the 
behavior of the main roller when in contact with another identical roller, as is the case in the 
identical roller model, and when it is in contact with the inner race or the outer race, as is the 
case in the non identical rollers model. 
In the case of pure normal loading models, a normal loading of 6.82 kN was applied 
through the two zero thickness sheet plates. In models of rollers in pure rolling contact, a 
tangential loading was added. The value of the tangential loading was almost one third the 
value of the normal loading. A sufficient coefficient of friction was used to make sure no 
sliding would occur between the two rollers. 
Figure 2.2 Two identical sized rollers in contact (M 1-00) 
Since the analysis involved many cases, a consistent convention is used for naming 
the models based on being identical sized rollers or not, the percentage of hollowness, and 
whether one roller is hollow or both rollers are hollow. The name of each model starts with 
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M, which refers to Model. As mentioned earlier, identical sized models are called Model 1, 
while non-identical sized roller models are called Model 2. Figure 2.2 shows two solid 
identical sized rollers in contact. This model is called (M 1-00). The zeros refer to the 
percentage of hollowness. Figure 2.3 shows a model of two non-identical sized solid rollers. 
As seen in the figure, the upper roller is twice as large as the lower one. Other loading 
conditions and values are the same as those used for identical sized models. So it is called (M 
2-00). If the percentage of hollowness is 60% as an example, then it is called M 2-60. Then 
the name is followed by the word (One) or (Two) to refer to the number of hollow rollers in 
the model. In the case of the solid model, there is no need to use any of these two words. 
Figure 2.3 Two non-identical sized rollers in contact (M 2-00) 
The letter N before the name means that the model is subjected to pure normal 
loading, while the letter T means the rollers are subjected to a combined normal and 
tangential loading. 
1 8  
Another example is shown in Figure 2.4, where one of the non-identical sized rollers 
is hollow with a percentage of 80%. This model is called (M 2-80 One). The number 2 refers 
to having non identical sized rollers. 80 is the percentage of hollowness and (One) because 
only one the two rollers is hollow which is the lower roller, the roller of concern all the time. 
The last example is two hollow, identical sized rollers; with a percentage of hollowness of 
60%. So, it is called (M 1-60 Two). This example is shown in Figure 2.5. 
Figure 2.4 Two non-Identical sized rollers in contact, one is hollow (M 2-80 One) 
2.2.2 Ioannides-Harris (IH) Theory: 
2.2.2.1 IH theory concept: 
In 1985, Ioannides and Harris [53] reported a new model for fatigue life prediction of 
roller bearings. Their model was a modification of the Lundberg-Palmgren (LP) life theory. 
The IH model is based on the statistical relationship between the probability of survival, the 
fatigue life and the stress level above the endurance limit in a certain region of the roller, 
called the risk volume. In this theory the fatigue life of a rolling bearing is calculated using 
the Weibull weakest link theory similar to the Lundberg-Palmgren (LP) theory [50,51]. 
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Figure 2.5 Two identical sized hollow rollers in contact (M 1-60 Two) 
The basic equation of the IH theory is: 
ln(l / AS, ) = F(N, <T, - <T„ )AV, (2.1 ) 
Where: 
AS, : The probability of survival 
AVj : The volume element in which stresses are higher than the fatigue limit 
<7, : Stress in the volume element 
<7,„. : Fatigue limit 
N : Fatigue Life 
/ : Is the volume element number 
A,. : Proportionality constant 
In this equation, <7, is a stress related to the fatigue criterion (the Von Mises fatigue 
criterion is used in this work) and <jHi is the fatigue limit of the material of the element 
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volume i. To calculate the probability of survival of the entire bearing, the IH theory 
approximates the function F(N ,<7 - <7U) by a power function similar to that used by the LP 
theory: 
ln(l/AS,) = A,-<?»,)' (2.2) 
Where H(x) is the step function with a zero value if x is less than zero. IH theory assumes A; 
and <7ui to be independent random variables and the two exponents e and c to be properties 
of the material that remain constant throughout the material's load history. The following 
equation is then used to express the fatigue life: 
ln(l/S)  ~  AN'"  IZ '" )dV  (2.3) 
VR 
Where z  is the stress weighted average depth and h  is the depth exponent. 
IH theory started with using the same values of c, e, and h as those used by LP. Then 
they were modified based on experimental results and on the material used. In this theory, it 
is assumed that the major part of the fatigue life is consumed during the initiation phase 
which begins with the cyclic stressing that results in a macroscopic self-propagating crack. 
And so, the fatigue life can be approximated by this initiation period, ignoring the time 
required for the crack growth phase. 
2.2.2.2 Why use the IH theory: 
The standard fatigue life method used to calculate ball and roller bearing fatigue life 
is based on the LP theory. The IH theory modified the LP theory and eliminated some of its 
shortcomings. Although it was built on the same principles as the LP theory, the definition of 
the risk volume in the IH theory is different. Whereas the LP theory uses the risk volume that 
includes a predefined stress volume no matter how small the applied load, the IH theory risk 
volume includes all the volume of the material with a stress value greater than the endurance 
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limit of the material. This difference can be clearly seen in Eq. (2.3), where the <T,„ was 
introduced as the lower limit of the fatigue limit and no failure can occur in the volume if the 
stresses are less than this fatigue limit. 
Using the LP theory to predict the fatigue life of new applications with increased load 
and speed requirements resulted in adding unnecessary weight and size for the bearings. On 
the other hand, the IH theory predicts an infinite fatigue life for the bearing if the stresses do 
not exceed the endurance limit of the material used. And so, it predicts a longer fatigue life 
than the LP theory. Recent research shows that bearings manufactured from clean steel, 
lubricated and kept free of contaminants may have infinite fatigue life [54,63], This agrees 
with the IH theory of having infinite life of bearings with stresses less than the fatigue limit. 
In the IH theory many deficiencies in the LP theory were addressed, like taking into 
account the rate at which the energy is applied to the surfaces in rolling contact and the 
operating bearing temperature. The LP theory risk volume is proportional to the depth of the 
maximum stress. This assumption is valid if the surface is geometrically perfect and 
subjected to simple normal contact stress. On the other hand, the IH theory risk volume 
accounts for stresses exceeding the fatigue limit at any depth. 
Harris and McCool [54] evaluated the accuracy of the LP theory and the IH theory to 
predict the fatigue life of 62 applications. They found that the IH theory is more accurate in 
predicting the fatigue life and gives closer results to the experimental results for those 
applications. 
2.2.2.3 Applying the IH Theory to the simulation results: 
After getting the stress distributions throughout the rollers, a fatigue life model is 
required to estimate the fatigue life of those rollers under that loading. It is found that the IH 
theory is the best predictor for the roller bearing fatigue life. And so, for the stress results 
obtained from the simulation, the IH fatigue life model was applied with the depth weighting 
removed as discussed by Lubrecht et al [64] and Tripp and Ioannides [65] and applied by 
Nikas [59]. So, thez , which is the stress weighted average depth, is removed from Eq. (2.3). 
The depth weighting factor z produces a relative reduction in expected life of a bearing as 
the macro-Hertzian stresses approach the surface, based on the experimental results. So, 
Tripp and Ioannides [65] think that when macro-Hertzian stresses are specifically included in 
life calculations or when they are absent under untypically smooth and clean condition, the 
depth weighting factor is no longer required. 
Applying the IH theory, Eq. (2.3), to the simulation results requires getting an 
experimental value for the constant A . This constant is assumed to be of the same value for 
the same material under the same loading conditions for both solid and hollow rollers. So, 
since we are only interested in seeing if the fatigue life of the hollow rollers is improved or 
not with respect to the solid roller fatigue life, and not in the absolute fatigue life of the 
hollow rollers, the relative fatigue life of any hollow roller can be calculated from the 
following equation: 
Where: 
e : The Weibull slope. 
c: The stress criterion exponent. 
<7ref : Denotes the stress used for the reference life computation, which is the stress 
value at different locations in the risk volume of the solid roller. 
VrJ : The volume of material where <7,r/ is greater than <r„ 
This equation resulted from applying Eq. (2.3) to both the solid and hollow rollers 
and considering the solid roller fatigue life as the reference life for the hollow rollers. So it 
gives what is called the relative fatigue life(Lir, ). As long as the value of the relative fatigue 
life is greater than 1.0, that means there is an improvement in the fatigue life by using hollow 
rollers. So, the relative fatigue life estimated by Eq. (2.4) is simply the summation of the 
stresses above the endurance limit in the solid roller (throughout the risk volume of the solid 
roller) divided by the summation of the stresses above the endurance limit in the hollow 
roller (risk volume of the hollow roller), raised to the power (1/Weibull distribution slope). 
(2.4) 
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Based on the IH theory and the findings of Harris and McCool [54] for the cylindrical roller 
bearings, the Weibull slope (e) was taken as 1.59 and the exponent cas 8. 
Since every point in the stress computational grid of the finite element simulation of 
the rollers in contact represents an elemental volume of the material with a constant fatigue 
limit, Eq. (2.4) can be applied to the EE numerical results by replacing the integral with a 
summation of stresses at all grid points having a certain value of stress greater than the 
fatigue limit of that material. The same density of grid points was used for all solid and 
hollow rollers' models. The relative fatigue lives of hollow rollers were calculated from the 
following equation: 
4,/ (r<f) = (Z((K; I - )' )/ Z((|<7| - )' AV )"" (2.5) 
Where AV for each grid point can be found from the following equation: 
AV = 2 m.{R-z.)L (2.6) 
Where z is the depth of the grid point under the contact surface, R is the roller outer radius 
and L is the length of the roller. 
To apply Eq. (2.5) to the numerical simulation results, a fatigue-initiating stress 
criterion was needed. The ABAQUS results give all stress components on each point in the 
grid. In this research, the Deformation Energy (Von Mises) criterion was used for the 
stresses. It is more accurate than other criteria because it uses the six components of the 
stress and it is more appropriate for rough contacts with high local stress concentrations. 
According to this Von Mises criterion, the stress o (or<7,w ) is found from the following 
equation: 
G  =  V (  1 ( ° " v  - ) 2  + ( < 7 ,  -o- )2  + ( (7 -<r x)2  +  6 * ( r ; v  +  t; z  + r ) ) / 2  (2.7) 
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Where the value of the Von Mises stress given by Eq. (2.7) and all the 6 stress components 
are given by the ABAQUS simulation results at each point in the grid. 
The IH theory depends mainly on determining the risk volume where the stresses are 
higher than the endurance limit of the bearing material. So, bearing materials with different 
endurance limits are expected to give different fatigue lives. Based on the endurance test data 
from 62 bearing applications, Harris and McCool [54] indicated some values for various 
bearing steels. In this work, the analysis started with assuming the bearings are made of CVD 
52100 Steel, and then same procedure has been repeated with different kinds of bearings 
Steels. 
The following is a list of the bearing steels and their endurance limits which have 
been used for the tested bearings in this work. 
Table 2.1 List of bearing Steels have been used in this work and their endurance 
limits [63] 
Bearing Steel Name Endurance limit (MPa) 
CVD 52100 680 
Carburized steel 590 
VIMVAR M50 720 
M50NiL 510 
Induction-hardened steel 450 
2.2.3 Miner's Rule: 
The linear damage rule was first proposed by Palmgren in 1924 [66]. It was improved 
by Miner in 1945[67] and so it is known today as Miner's rule. The linear damage rule says 
that the damage fraction Dj at the stress level S, equals to the cycle ratio, /?, //V,-, where h, is 
the number of cycles at stress level 5, and N i  is the fatigue life in cycles at stress level S j .  
Failure in any damage theory assumed to occur when the summation of the damage fractions 
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equals to 1 ; Z D, > 1. So, the failure criterion for variable loading as shown by Bannantine et 
al. [68] can be found using the following equation: 
Z n , / / V >  1  ( 2 . 8 )  
Thus, the life to failure can be estimated by summing the percentages of life at each 
stress level. The main advantage of this rule is its simplicity. On the other hand, Miner's rule 
is nonconservative for high-low tests. It does not consider sequence effects and it is 
amplitude independent. Even so, it is found useful to use it in this work to calculate the 
fatigue life of the inner surface of hollow rollers affected by bending stresses. A good 
example of that is the induction-hardened steel, 80% hollowness models under combined 
normal and tangential loading which have risk volumes at the inner surfaces at 90 degrees 
angle and at 45 degrees angle. Bending stresses there act like variable amplitude. So, the 
equivalent fatigue life of the inner surface of 80% hollow roller, N, can be found using 
Miner's rule as follows: 
i / y v  =  i / y v w  +  i / y v 4 5  ( 2 . 9 )  
Where /V9() is the fatigue life of the inner surface at 90 degrees and /V4, is the fatigue life of 
the inner surface at 45 degrees. Eq. (2.9) shows that the equivalent fatigue life of the inner 
surface is shorter than any of the two fatigue lives at 90 degrees and 45 degrees. 
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CHAPTER THREE 
DISCUSSION OF THE RESULTS: 
ROLLERS UNDER PURE NORMAL LOADING 
3.1 Introduction: 
The results of the analysis can be divided into two main parts, when the model of the 
two rollers in contact is subjected to pure normal loading, and when the model is subjected to 
a combined normal and tangential loading. This chapter will discuss the results of the model 
under pure normal loading. This case has many applications, like roller bearings. 
The analysis in this chapter will include the two main cases; when the model consists 
of two identical sized rollers and when the two rollers are not of identical size. Also the 
analysis shows the results of the hollow roller, the smaller one in Model 2, when it is in 
contact with another hollow roller and when it is in contact with a solid roller. Analysis starts 
by assuming the rollers are made of CVD 52100 steel with an endurance limit of 680 MPa. 
Then the investigations are extended for other kinds of steels with different endurance limits. 
The results are represented in three forms. Tables summarize the relative fatigue 
lives. Curves represent all sub-models with different percentage of hollowness from 20% to 
80% under the same loading conditions, and curves represent the optimum percentage of 
hollowness with the longest fatigue life. And finally, figures from ABAQUS show the stress 
distribution and the risk volume size and location in the rolling elements. Since the analysis 
involves many cases, a sample of the ABAQUS figures was chosen to represent the general 
trend of the results. To prove the validity of the results obtained by ABAQUS, the results 
from the solid models are compared to the analytical solution of Smith and Liu [9]. 
This chapter discusses the results of Model 1 and Model 2 separately in two sections. 
For each model, results of the CVD 52100 steel are discussed first followed by the optimum 
hollowness for that material. Then a summary of the results for other steels are discussed and 
the optimum percentage of hollowness are obtained. 
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3.2 Results of Models with Identical Sized Rollers (Model 1): 
3.2.1 ABAQUS Results Verification with Smith and Liu Solution: 
In chapter two we identified models with identical sized rollers as Model 1. The 
results obtained by ABAQUS for Model 1 under pure normal loading are verified by the 
solution of Smith and Liu for two cylinders in contact made from CVD 52100 steel. When 
the two cylinders are subjected to pure normal loading, the comparison is shown in Figure 
3.1. There is good agreement between the ABAQUS solution and the Smith and Liu [9] 
solution. 
There are small differences between the ABAQUS results and the Smith and Liu 
solution. These differences vanish as you go away from the contact surface (depth = zero). 
The predicted Von Mises stresses by ABAQUS show good agreement with the Smith and 
Liu solution with a percentage error of 2.9% near the contact surface and a maximum error of 
4%. The location of the maximum stress found by ABAQUS agrees with the theoretical 
value of the depth found by Smith and Liu. Since the results from ABAQUS are verified for 
the solid model, we can be confident of the results from ABAQUS for the hollow models. 
3.2.2 Results for Model 1 with Different Percentage of Hollowness: 
Figure 3.2 represents all the identical sized roller models when subjected to pure 
normal loading. Figure 3.2.a is for full scale, while Figure 3.2.b is only for the region of the 
figure that represents the risk volume, where the stresses are higher than the 680 M Pa, the 
endurance limit of CVD 52100 steel. It can be clearly seen from the figure that the area under 
the curves of the hollow roller models is less that that of the solid roller model. This area 
represents the volume of the risk region and values of the stresses there. 
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Figure 3.1 ABAQUS results verification with Smith and Liu solution of identical sized CVD 
52100 steel roller model under pure normal loading 
The risk volume for the solid model extends from the contact surface (depth = 0.0) to 
the point where the curve intersects the depth axis. But the risk volumes of the hollow 
models are under the surface. That means the volume under risk is smaller in the case of the 
hollow roller models. Also the figure gives an indication about the location of that volume 
that can be determined by where the start point and the end point of the curve intersect the 
depth axis. 
Unlike the curve for the solid roller model, other curves start to go up again as shown 
in Figure 3.2.a. That is related to bending stresses occurring on the inner surface of the 
hollow roller. The bending stresses increase with increasing hollowness percentage, but their 
values are less than contact stresses on the surface in all cases. This phenomenon is very 
clear in the case of 80% hollowness where the bending stress values are very high. In all 
percentage of hollowness cases, the bending stresses on the inner surfaces are less than the 
endurance limit of the roller. So, they have no effect on the fatigue life as indicated by the IH 
theory. 
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Figure 3.2.a Identical sized CVD 52100 steel roller models under pure normal loading (Full 
Scale) 
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Figure 3.2.b Identical sized CVD 52100 steel roller models under pure normal loading (Risk 
Volumes) 
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Figure 3.2.b shows the size of the volume under risk and that the values of stress in 
that volume are less for the hollow roller than the solid one. The risk volume of the solid 
roller extends from the contact surface while the risk volumes of the hollow rollers are 
located under the surface. It can be seen that the risk volume and the values of the stresses 
there get smaller as the percentage of hollowness increases, up to 70% hollowness where the 
smallest risk volume is found with lower stress values. In the case of 80% hollowness it can 
be noticed that the risk volume location comes closer to the surface, and the values of stress 
there are much greater than the case of 70% hollowness. Even so, the volume under risk and 
the values of stress there in the 80% hollowness are less than for the case of the solid roller. 
Small differences were found between models when only one roller is hollow and 
models with both rollers hollow. Except in the case of 70% hollowness, it can be seen that 
having both rollers in contact hollow decreases the volume under risk and decreases the 
stress values there. 
The IH theory was applied on the Von Mises stress values obtained by ABAQUS at 
the mesh nodes located in the risk volume region according to Eq. (2.5) as explained in 
chapter two. The results of the relative fatigue life estimation are summarized in Table 3.1. 
Table 3.1 shows the values of the relative life of hollow rollers compared to solid roller as 
calculated from Eq. (2.5). These numbers show how much the fatigue life of the hollow 
rollers exceeds that of the solid rollers. Under pure normal loading, the model with one 70% 
hollowness roller in contact with a solid roller, can survive around 393 times the life of the 
solid roller under the same loading conditions. In the system with two solid rollers, making 
one of the rollers hollow with 20% hollowness will improve the fatigue life up to 73 times. 
The least improvement of the fatigue life is the case of using two rollers; only one of them is 
hollow with 80% hollowness. The fatigue life in this case can be eight times the fatigue life 
of two solid rollers in contact. So, numerical results in the table show that using hollow 
rollers instead of solid rollers will significantly improve the fatigue life. 
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Table 3.1 Relative fatigue life estimation of CVD 52100 steel Model 1 under pure normal 
loading using IH theory 
Model Name Relative Fatigue Life 
M 1-20 ONE 62.9 
M 1-20 TWO 69.5 
M 1-40 ONE 101.0 
M 1-40 TWO 230.3 
M 1-50 ONE 173.3 
M 1-50 TWO 287.6 
M 1-60 ONE 255.7 
M 1-60 TWO 392.1 
M 1-70 ONE 393.4 
M 1-70 TWO 325.1 
M 1-80 ONE 8.0 
M 1-80 TWO 8.7 
3.2.3 Model 1 Optimum Percentage of Hollowness: 
The optimum percentage of hollowness is the case that gives the highest fatigue life. 
The numerical results shown in Table 3.1 have been plotted in Figure 3.3 to get the optimum 
percentage of hollowness with the longest fatigue life. Figure 3.3 shows that when the two 
rollers are hollow, the optimum percentage of hollowness is almost 60%. In the case of only 
one roller hollow, the optimum percentage of hollowness is 70%. Those results agree with 
experimental results reported by Bowen and Bhateja [42]. They found that the hollowness 
range 60 to 70 percent is the best to use for most roller bearing applications. 
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Figure 3.3 Optimum percentage of hollowness of CVD 52100 steel identical sized rollers 
under pure normal loading 
3.2.4 Model 1 Results for Different Kinds of Steels: 
Since the endurance limit of the bearing material determines its fatigue life as 
indicated by the IH theory, other bearing steels have been tested for their fatigue lives. Those 
steels are induction-hardened steel, M50NiL steel, carburized steel and VIMVAR M50 steel. 
The same procedure was followed as for the CVD 52100 steel. The results for each kind of 
steel are summarized in the following sections. 
3.2.4.1 Induction-Hardened Steel: 
The induction-hardened steel has an endurance limit of 450 MPa which is less than 
the CVD 52100 steel. So, larger risk volumes are expected. But the overall results and the 
general trends have been found to be similar to those of the CVD 52100 steel. Figure 3.4.a 
shows the risk volumes. This figure shows that the bending stresses on the inner surface of 
the 80% hollowness rollers are higher than the endurance limit of the induction-hardened 
steel. 
•Mode! 1 One Normal 
•Model 1 Two Normal 
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Figure 3.4.a Identical sized induction-hardened steel roller models under pure normal 
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Figure 3.4.b Identical sized induction-hardened steel roller models under pure normal 
loading (Effective Risk Volumes) 
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So, the risk volume is not only located near the contact region, but also near the inner 
surface. Even so, the risk volume there and the values of stresses resulting from bending 
there are not higher than the stresses in the contact region. So, the fatigue life of the 80% 
hollowness rollers are determined by the risk volumes in the contact region, not the risk 
volumes resulted from the bending stresses. However, there are risk volumes in the 80% 
hollowness models arising from bending stresses located on the inner surface at 90 degrees 
and 45 degrees from the horizontal. Those risk volumes reduce the fatigue life of the inner 
surface of the roller as estimated by Miner's rule. Even so, the estimated fatigue life of the 
inner surface of the 80% hollowness roller is longer than the fatigue life in the contact region. 
The risk volumes of the 80% hollowness models are shown in Appendix E. 
Figure 3.4.b shows a close up of the risk volume in the contact region to show 
effective risk volumes which affect the fatigue life estimation. Models there follow the same 
general trend the CVD 52100 followed before. The 70% hollowness models are shown to 
have the smallest risk volumes with the lowest stress values. Also the models of 80% 
hollowness show an abrupt decrease in the stresses under the surface, even lower than the 
70% hollowness models. 
Numerical results of the relative fatigue lives are shown in Table 3.2. Since there is 
an increase in all risk volumes including the solid model, the relative fatigue life values here 
are much smaller than the case of the CVD 52100 steel. Even so, all hollow models show a 
good improvement in the relative fatigue life. Except for the models of 80% and 70% 
hollowness, models with two hollow rollers have longer fatigue life than models with only 
one hollow roller of the same percentage of hollowness. 
Figure 3.5 shows the optimum percentage of hollowness for induction-hardened steel. 
For both cases identical sized models with both rollers hollow and models with one roller 
hollow, the optimum hollowness is around 70%. Very minor differences have been noticed in 
the fatigue lives of these kinds of models. 
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Figure 3.5 Optimum percentage of hollowness of induction-hardened steel identical sized 
rollers under pure normal loading 
Table 3.2 Relative fatigue life estimation of induction-hardened steel Model l under pure 
normal loading using IH theory 
Model Name Relative Fatigue Life 
M 1-20 ONE 4.6 
M 1-20 TWO 4.7 
M 1-40 ONE 5.4 
M 1-40 TWO 6.7 
M 1-50 ONE 6.4 
M 1-50 TWO 7.5 
M 1-60 ONE 7.9 
M 1-60 TWO 8.5 
M 1-70 ONE 9.7 
M 1-70 TWO 9.2 
M 1-80 ONE 3.3 
M 1-80 TWO 3.2 
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3.2.4.2 M50NiL Steel 
The endurance limit of the M50NiL steel is 510 MPa, which is close to the endurance 
limit of the induction-hardened steel. So, the general trend of the behavior MSONiL models is 
similar to that of induction-hardened steel. Figure 3.6.a shows the risk volumes in the 80% 
hollowness models resulting from bending stresses on the inner surfaces. The fatigue lives 
resulting from these risk volumes are still longer than that resulting from risk volumes in the 
contact region. So, failure is not expected in that region for these kinds of steel models. 
Figure 3.6.b shows the effective risk volumes which determine the fatigue lives of those 
models. 
Figure 3.6.a Identical sized MSONiL steel roller models under pure normal loading (All Risk 
Volumes) 
Figure 3.7 of the optimum hollowness and the numerical results in Table 3.3 show a 
trend similar to the results to those of induction-hardened steel. However, values of the 
fatigue lives here are higher and some differences start to show up between models with one 
hollow roller and models with two hollow rollers. 
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Figure 3.6.b Identical sized M50NiL steel roller models under pure normal loading 
(Effective Risk Volumes) 
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Figure 3.7 Optimum percentage of hollowness of MSONiL steel identical sized rollers under 
pure normal loading 
38 
Generally models with both rollers hollow give longer fatigue life, but that is not the 
case for the 70% hollowness that gave the longest fatigue life and has the optimum 
hollowness. 
Table 3.3 Relative fatigue life estimation of MSONiL steel Model 1 under pure normal 
loading using IH theory 
Model Name Relative Fatigue Life 
M 1-20 ONE 6.4 
M 1-20 TWO 6.6 
M 1-40 ONE 7.7 
M 1-40 TWO 10.2 
M 1-50 ONE 9.5 
M 1-50 TWO 11.5 
M 1-60 ONE 11.9 
M 1-60 TWO 13.3 
M 1-70 ONE 14.9 
M 1-70 TWO 14.0 
M 1-80 ONE 3.7 
M 1-80 TWO 3.7 
3.2.4.3 Carburized Steel: 
The risk volumes resulting from bending stresses on the inner surface of 80% 
hollowness models are not shown in Figure 3.8 of the carburized steel because it has a higher 
endurance limit value of 590 MPa. And so, risk volumes are smaller than MSONiL and 
induction-hardened steels cases. Even so, as shown in Table 3.4 and Figure 3.9, the optimum 
hollowness is around 70% in case of having one roller hollow and it is between 60% and 
70% for the case of having both rollers are hollow. 
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Figure 3.8 Identical sized carburized steel roller models under pure normal loading (Risk 
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Figure 3.9 Optimum percentage of hollowness of carburized steel identical sized rollers 
under pure normal loading 
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Table 3.4 Relative fatigue life estimation of carburized steel Model 1 under pure normal 
loading using IH theory 
Model Name Relative Fatigue Life 
M 1-20 ONE 12.7 
M 1-20 TWO 13.4 
M 1-40 ONE 16.2 
M 1-40 TWO 24.8 
M 1-50 ONE 21.8 
M 1-50 TWO 28.5 
M 1-60 ONE 28.6 
M 1-60 TWO 34.3 
M 1-70 ONE 37.4 
M 1-70 TWO 34.1 
M 1-80 ONE 4.8 
M 1-80 TWO 4.9 
3.2.4.4 VIMVAR M50 Steel: 
The endurance limit of VIMVAR M50 steel is 720 MPa, which is higher than the 
CVD 52100 steel endurance limit. This high value of the endurance limit has reduced the 
resulting risk volumes and so has increased the fatigue life. Comparing risk volumes in 
Figure 3.10 with those risk volumes in Figure 3.2.b shows the reduction in the sizes of the 
risk volumes in the case of VIMVAR M50 steel models. Moreover, values of the fatigue 
lives in Table 3.5 are much higher than the fatigue lives of any other kind of steel with a 
lower endurance limit. The 60% hollowness model with both rollers are hollow has a relative 
fatigue life of 6959 compared to the solid models, which means almost infinite fatigue life. 
Figure 3.11 shows the optimum hollowness for one hollow roller models is 70% as it 
is for other kinds of steels, but for models with both rollers hollow, the optimum hollowness 
is 60%. 
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Figure 3.10 Identical sized VIMVAR M50 steel roller models under pure normal loading 
(Risk Volumes) 
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Figure 3.11 Optimum percentage of hollowness VIMVAR M50 steel identical sized rollers 
under pure normal loading 
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Table 3.5 Relative fatigue life estimation of VIMVAR M50 steel Model 1 under pure normal 
loading using IH theory 
Model Name Relative Fatigue Life 
M 1-20 ONE 292.9 
M 1-20 TWO 343.8 
M 1-40 ONE 640.0 
M 1-40 TWO 2830.6 
M 1-50 ONE 1605.8 
M 1-50 TWO 4092.4 
M 1-60 ONE 2936.1 
M 1-60 TWO 6959.3 
M 1-70 ONE 6094.6 
M 1-70 TWO 4197.7 
M 1-80 ONE 12.3 
M 1-80 TWO 13.8 
3.3 Results of Models with Non Identical Sized Rollers (Model 2): 
3.3.1 ABAQUS Results Verification with Smith and Liu Solution: 
As was done for the identical sized roller model, the results from ABAQUS for non 
identical sized roller model (Model 2) were verified by the analytical solution of Smith and 
Liu [9]. The verification for solid rollers under pure normal loading is shown in Figure 3.12. 
The ABAQUS solution gave higher values of stress near the contact region than the Smith 
and Liu solution. This is likely related to the nature of Smith and Liu solutions that are not 
valid on the contact surface. The Hertz approach is used to get stresses there. The percentage 
error in the ABAQUS results of the Von Mises stress on the contact surface is 3.08% and the 
maximum error is 3.56%. This error is acceptable; especially since we are interested in the 
relative fatigue life rather than the absolute values of the fatigue life and stresses. 
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Figure 3.12 ABAQUS results verification with Smith and Liu solution of non identical sized 
CVD 52100 steel roller model under pure normal loading 
3.3.2 Results for Model 2 with Different Percentage of Hollowness: 
Figure 3.13 shows the results from ABAQUS for Model 2 under pure normal 
loading. The general response of hollow rollers follows that found for Model 1. All hollow 
roller models gave a smaller risk volume and lower stress values than the solid rollers. Even 
so, the stress values of the hollow rollers comes close to the solid rollers away from the 
contact region, and increases when it comes close to the inner surfaces because of the 
bending stresses there. Although all hollow roller models have smaller risk volumes than the 
solid roller model, the 20% and the 80% hollowness models gave a different response than 
the 40%, 50%, 60% and the 70% hollowness models. When both rollers are hollow for the 
20% and 80% hollowness models the risk volume and stress values decrease compared to 
models with one hollow roller. 
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Figure 3.13.a Non identical sized CVD 52100 steel roller models under pure normal loading 
(Full Scale) 
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Figure 3.13.b Non identical sized CVD 52100 steel roller models under pure normal loading 
(Risk Volumes) 
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On the other hand, in the case of 70%, 60%, 50% and 40% hollowness models with 
both rollers hollow the risk volume size and the stress values increased compared to models 
with one hollow roller. Even so, the 70% hollowness model with one hollow roller gave the 
best results followed by the 60% hollowness model then the 50% hollowness model. In the 
case of 80% hollowness models, the stresses started to go up and the risk volume started to 
increase again. 
These results gave an indication that decreasing the risk volume and the stresses there 
is not entirely related to increasing the contact area between the two rollers only. Otherwise 
the 80% hollowness models should have the smallest volume and the lowest stress values. 
Moreover, having the 40% to 70% hollowness models with one hollow roller showing better 
results than the same percentage of hollowness models with two hollow rollers is another 
indication that the contact width increase is not the only reason for decreasing stress values in 
the risk volume and the resulting extended fatigue life. Thus, the bending stresses on the 
inner surface of the hollow roller can have significant effect on the stress distribution in the 
contact region and also the fatigue life of the roller, as seen in the case of 80% hollowness 
models. 
The IH theory was applied to Model 2 also, and the results are summarized in Table 
3.6. The numerical numbers in this table show the relative fatigue life of hollow rollers 
compared to solid rollers under the same pure normal loading. These values are calculated 
using Eq. (2.5). Under pure normal loading, having the rollers hollow will improve the 
fatigue life of the roller bearing a great deal especially when the hollowness percentage is 
70%. 
The main observation in Figure 3.13.b is that all risk volumes, including that for the 
solid model, is under the surface. The size of the solid model risk volume and the values of 
stress there are much greater than the hollow models. The numerical results in Table 3.6 
show a very clear difference between models of one hollow roller and models of two hollow 
rollers of the same percentage of hollowness. So, both factors should be taken into 
consideration when choosing the hollow model; the percentage of hollowness and whether 
one roller is needed to be hollow or both rollers should be hollow. 
46 
Table 3.6 Relative fatigue life estimation of CVD 52100 steel Model 2 under pure normal 
loading using IH theory 
Model Name Relative Fatigue Life 
M 2-20 ONE 16.3 
M 2-20 TWO 203.5 
M 2-40 ONE 533.4 
M 2-40 TWO 401.9 
M 2-50 ONE 1120.6 
M 2-50 TWO 696.2 
M 2-60 ONE 8862.0 
M 2-60 TWO 2438.1 
M 2-70 ONE 23026.6 
M 2-70 TWO 4840.8 
M 2-80 ONE 5.6 
M 2-80 TWO 2.2 
3.3.3 Model 2 Optimum percentage of Hollowness: 
In Figure 3.14 the numerical results in Table 3.6 were plotted to determine the 
optimum percentage of hollowness with the highest fatigue life. For both cases, models with 
one hollow roller and models with both rollers are hollow; the 70% hollowness was the 
optimum and gave extremely the highest fatigue life. Even so, there is an abrupt decrease in 
the fatigue life just when the percentage of hollowness increases to 80%. As shown in Table 
3.6 the 70% hollowness model with one hollow roller has extremely high relative fatigue life 
compared to other hollow models. That might be related to that the 70% hollowness model 
with one hollow roller has optimum flexibility with no significant effect of the bending 
stresses. Logarithmic scale is used for the relative fatigue life to express those abrupt 
changes. 
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Figure 3.14 Optimum percentage of hoilowness of CVD 52100 steel non identical sized 
rollers under pure normal loading 
3.3.4 Model 2 Results for Different Kinds of Steels: 
The analysis of Model 2 has been extended for the other four steel kinds used for 
Model 1, and the results for each kind are discussed in the following sections. 
3.3.4.1 Induction-Hardened Steel: 
Analyses have been done when the material used for the rollers is induction-hardened 
steel instead of CVD 52100 steel. Results of risk volumes are shown in Figure 3.15. Figure 
3.15.a shows the risk volumes for 80% hoilowness models included bending stresses on the 
inner surfaces. Those risk volumes and the stress values there, however resulted in a fatigue 
life longer than that resulting from the risk volume and stress values in the contact region of 
those models. So, the fatigue life of 80% hoilowness models is determined by contact 
stresses not bending stresses. Even so, bending stresses on the inner and outer surfaces (90 
degrees from the contact region) of the 80% hoilowness models contributed to decreasing the 
fatigue life of those rollers by increasing the shearing stresses in the contact region. 
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Figure 3.15.a Non identical sized induction-hardened steel roller models under pure normal 
loading (All Risk Volumes) 
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Figure 3.15.b Non identical sized induction-hardened steel roller models under pure normal 
loading (Effective Risk Volumes) 
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The main difference between risk volumes of models made from induction-hardened 
steel and those made of CVD 52100 steel is the location of the risk volumes. They were 
under the surface in the case of CVD 52100 steel as shown in Figure 3.13.b, but they start at 
the contact surface in the case of the induction-hardened steel as shown in Figure 3.15.b. 
Although Table 3.7 shows much reduction in the relative fatigue life improvement 
compared to the case of CVD 52100 steel models, the general trend of all models is the same 
as shown in Figure 3.15.b except for the 80% hoilowness, where the one roller model started 
to give longer fatigue life than the model with two hollow rollers. Figure 3.16 shows the 
optimum percentage of hoilowness for induction-hardened steel models. It is clear that for 
both one hollow roller models and two hollow roller models, the 70% hoilowness is the 
optimum. But the differences in the relative fatigue life between models of different 
percentage of hoilowness are not as significant as for the case of CVD 52100 steel models. 
Table 3.7 Relative fatigue life estimation of induction-hardened steel Model 2 under pure 
normal loading using IH theory 
Model Name Relative Fatigue Life 
M 2-20 ONE 2.1 
M 2-20 TWO 3.2 
M 2-40 ONE 3.7 
M 2-40 TWO 3.5 
M 2-50 ONE 4.6 
M 2-50 TWO 4.0 
M 2-60 ONE 5.5 
M 2-60 TWO 4.9 
M 2-70 ONE 7.1 
M 2-70 TWO 5.9 
M 2-80 ONE 2.2 
M 2-80 TWO 1.7 
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Figure 3.16 Optimum percentage of hoilowness of induction-hardened steel non identical 
sized rollers under pure normal loading 
3.3.4.2 M50NiL Steel: 
As mentioned earlier this kind of steel has an endurance limit of 510 MPa, which is a 
little higher than the induction-hardened steel. So the general behavior is almost the same as 
that of the induction-hardened steel with a decreasing region involved in the risk volume 
which increases the fatigue life a little. 
Figure 3.17.a shows all risk volumes including those resulting from bending stresses 
on the inner surfaces of the 80% hoilowness models. The effective risk volumes which 
determine the fatigue life of the different models are shown in Figure 3.17.b. This figure 
shows how risk volumes extend from the surface of contact rather than below the surface as 
is the case for CVD 52100 steel. 
j-#-Model 2 One Normal 
I—•—Model 2 Two Normal 
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Figure 3.17.a Non identical sized M50NiL steel roller models under pure normal loading 
(All Risk Volumes) 
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Figure 3.17.b Non identical sized M50NiL steel roller models under pure normal loading 
(Effective Risk Volumes) 
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Table 3.8 shows that all models of same hoilowness with one hollow roller have 
longer fatigue life than models with two hollow rollers, except the 20% hoilowness model. 
Figure 3.18 shows that models with percentage of hoilowness less than 37% have the same 
behavior as that of 20% hoilowness of having longer fatigue life when the two rollers are 
hollow compared to the case when only one roller is hollow. The optimum hoilowness 
percentage of both models; with one hollow roller and with two hollow rollers is 70% as 
shown in Figure 3.18. 
Table 3.8 Relative fatigue life estimation of MSONiL steel Model 2 under pure normal 
loading using IH theory 
Model Name Relative Fatigue Life 
M 2-20 ONE 2.6 
M 2-20 TWO 4.5 
M 2-40 ONE 5.3 
M 2-40 TWO 5.1 
M 2-50 ONE 6.2 
M 2-50 TWO 5.8 
M 2-60 ONE 8.8 
M 2-60 TWO 7.5 
M 2-70 ONE 11.6 
M 2-70 TWO 9.3 
M 2-80 ONE 2.3 
M 2-80 TWO 1.8 
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Figure 3.18 Optimum percentage of hoilowness of MSONiL steel non identical sized rollers 
under pure normal loading 
3.3.4.3 Carburized Steel: 
This kind of steel with endurance limit of 590 M Pa has eliminated the risk volumes 
resulting from the bending on the inner surfaces of the 80% hoilowness models as shown in 
Figure 3.19. The risk volumes extend from the contact surfaces with smaller sizes than those 
of models made from MSONiL steel. Table 3.9 shows a significant increase of the relative 
fatigue life of all models. Figure 3.20 looks almost the same as Figure 3.18 of M50NiL steel, 
but with higher values for the relative fatigue lives. Also for this kind of steel 70% is the 
optimum hoilowness. 
The results discussed in this chapter are related to the relative fatigue life of the 
hollow rollers with respect to the solid roller fatigue life, and not the absolute fatigue life of 
the hollow rollers. So, when the risk volume in the hollow roller is reduced, the risk volume 
in the solid roller is reduced too, but with a different percentage. That is why we see the 
improvement in the relative fatigue lives of the hollow rollers. 
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Figure 3.20 Optimum percentage of hoilowness of carburized steel non identical sized 
rollers under pure normal loading 
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Table 3.9 Relative fatigue life estimation of carburized steel Model 2 under pure normal 
loading using IH theory 
Model Name Relative Fatigue Life 
M 2-20 ONE 4.1 
M 2-20 TWO 10.2 
M 2-40 ONE 13.4 
M 2-40 TWO 12.3 
M 2-50 ONE 16.7 
M 2-50 TWO 14.8 
M 2-60 ONE 28.9 
M 2-60 TWO 21.9 
M 2-70 ONE 40.6 
M 2-70 TWO 29.2 
M 2-80 ONE 2.8 
M 2-80 TWO 1.9 
3.2.4.4 VIMVAR M50 Steel: 
The VIMVAR M50 steel has a high endurance limit of 720 MPa. So, the risk 
volumes are reduced for all models and eliminated completely for most of them as shown in 
Figure 3.21. The only models which still have risk volumes are the 80% and 20% hoilowness 
models. Other models with 40%, 50%, 60% and 70% hoilowness do not have risk volumes at 
all. So, they have infinite fatigue life as shown in Table 3.lO.So, for those rollers made of 
materials which have high endurance limits like VIMVAR M50 steel, and under certain 
loading conditions, they might last for infinite fatigue life if the stresses in the roller body are 
less than the endurance limit. Infinite fatigue life can be achieved also for other materials 
with less endurance limit values than carburized steel if the loading is decreased. Low 
loading does not generate stresses more than the endurance limit of the material and so it 
might last for infinite fatigue life. 
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Figure 3.21 Non identical sized VIMVAR M50 steel roller models under pure normal 
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Table 3.10 Relative fatigue life estimation of VIMVAR M50 steel Model 2 under pure 
normal loading using IH theory 
Model Name Relative Fatigue Life 
M 2-20 ONE 137.3 
M 2-20 TWO 174392.4 
M 2-40 ONE infinity 
M 2-40 TWO infinity 
M 2-50 ONE infinity 
M 2-50 TWO infinity 
M 2-60 ONE infinity 
M 2-60 TWO infinity 
M 2-70 ONE infinity 
M 2-70 TWO infinity 
M 2-80 ONE 8.7 
M 2-80 TWO 2.5 
NM 2-00 
NM 2-20 ONE 
NM 2-40 ONE 
NM 2-50 ONE 
NM 2-60 ONE 
NM 2-70 ONE 
NM 2-80 ONE 
NM 2-20 TWO 
NM 2-40 TWO 
NM 2-50 TWO 
NM 2-60 TWO 
NM 2-70 TWO 
NM 2-00 TWO 
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The model of two hollow rollers with 20% hoilowness has very high relative fatigue 
life and might be called infinite life too. The 80% hoilowness models do not have much 
improvement on the relative fatigue life. That is related to an equivalent improvement in the 
fatigue life of the solid rollers too, that the risk volume there got smaller too. 
3.4 Analysis of the ABAQUS Figures: 
ABAQUS figures have been used to show the redistribution of contact stresses in 
hollow rollers. Samples of the ABAQUS figures were attached in Appendices A and B. 
Appendix A for identical sized rollers and Appendix B for non identical sized rollers. Three 
main cases were chosen to show how contact stresses are redistributed when making rollers 
hollow with a certain hoilowness. The first case is of two CVD 52100 steel solid rollers 
under pure normal loading; Model 1 and Model 2. The second case is the optimum models; 
60% hoilowness with both identical sized rollers are hollow, 70% hoilowness identical sized 
roller model with one hollow roller and 70% hoilowness non identical sized roller models 
with both rollers are hollow and with only one roller is hollow. The last case is when the 
percentage of hoilowness for both rollers is 80%. The 60% and 70% hoilowness were chosen 
because they showed the best fatigue life results and the 80% is a case when the fatigue life 
improvement started to be reduced. Each case is represented by four figures. The first figure 
shows how the roller of concern is loaded. The second figure shows the stress distribution in 
the roller. The third figure shows the location and percentage of the risk volume. Finally a 
zoom on that risk volume is presented to show its size and distribution in the fourth figure. 
Comparing Figures A. 1 with Figures A.2 and Figures A.3 one can explain how the 
fatigue life is improved for 60% and 70% hoilowness since the risk volume is much smaller 
than the case of a solid roller and the values of stress there are much smaller. In Figures A.4 
the 80% hoilowness roller has a bigger risk volume than that of the 60% and 70% hoilowness 
rollers. Even so, values of stress in that risk volume of 80% hoilowness roller are smaller 
than the risk volume of the solid roller in Figure A. 1 .c. Making the roller hollow redistributes 
the contact stresses over a larger volume of the body of the hollow roller and decreases the 
concentration of stresses in the contact zone. In the case of 60% hoilowness roller, a typical 
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distribution of the stresses made the risk volume very small and so improved the fatigue life 
of the roller. In case of 70% hoilowness with one hollow roller, Figure A.2, a good 
redistribution of stresses occurred that decreased the peak stress to the smallest possible 
value in all hollow models. Although the stresses were redistributed in most of the roller 
body in the case of the 80% hoilowness roller, it started to behave like a tube or ring with 
significant effect of the bending stresses on the inner surfaces. So, making the rollers hollow 
redistributes the contact stresses over larger volume and decreases the peak value of the 
stress near the contact surface. That resulted in decreasing the volume of the roller which has 
stresses above the endurance limit. 
The same results can be found from Figures in Appendix B which represent Model 2. 
In the case of 70% hoilowness, the maximum stress moves toward the contact surface. So, 
under that load and for that material (CVD 52100 steel), the bending stresses do not create 
risk volumes on the sides or the inner surfaces for all hollow models. But the shearing 
stresses and the Von Mises stresses in the contact zone and so the fatigue life are affected by 
those bending stresses as can be clearly seen in the case of the 80% hoilowness rollers. 
Figures in Appendix E show the risk volumes of the 80% hoilowness models when 
they are made of induction-hardened steel and VIMVAR M50 Steel. They show how much 
the risk volumes can be reduced for those models which results in improving the fatigue 
lives. 
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CHAPTER FOUR 
DISCUSSION OF THE RESULTS: 
ROLLERS UNDER COMBINED NORMAL AND 
TANGENTIAL LOADING 
4.1 Introduction: 
In chapter three the results for the model of two rollers in contact and subjected to 
pure normal loading were discussed. This chapter discusses the results when the model is 
subjected to combined normal and tangential loading. This case represents the pure rolling 
contact between two rollers with significant tangential loading. An example of this pure 
rolling contact case is the friction drives. 
The same techniques used in the discussion of chapter three have been used in this 
chapter. Two main cases are discussed in this chapter; when the model consists of two 
identical sized rollers (Model 1 ) and when the two rollers are not of identical size (Model 2). 
In each case, the results of the hollow roller of concern, the smaller roller in Model 2, when it 
is in contact with another hollow roller and when it is in contact with a solid roller have been 
analyzed. 
As was done in chapter three, the analysis starts with assuming the rollers are made of 
CVD 52100 steel, then the investigations have been extended for the other four kinds of 
steels used for pure normal loading analysis; induction-hardened steel, MSONiL steel, 
carburized steel and VIMVAR M50 steel. 
The three forms used in chapter three to show the results have also been used in this 
chapter; the tables which summarize the relative fatigue lives, the curves which show the risk 
volumes of all sub models with different percentage of hoilowness and the curves of the 
optimum percentage of hoilowness. Some figures from ABAQUS have been included in 
Appendix B to show the stress distribution and the risk volume size and location in the 
rolling elements. To prove the validity of the results obtained by ABAQUS, the results from 
the solid models were compared to the analytical solution of Smith and Liu [9]. 
In this chapter the results for Model 1 are discussed first then the results for Model 2. 
For each model, results of the CVD 52100 steel models and the optimum hoilowness are 
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discussed. Then a summary of the results of other steels are considered and the optimum 
percentage of hoilowness has been identified. 
4.2 Results of Models with Identical Sized Rollers (Model 1): 
4.2.1 ABAQUS Results Verification with Smith and Liu Solution: 
The results obtained by ABAQUS for Model 1 under combined normal and tangential 
loading were verified by the solution of Smith and Liu for two cylinders in contact made 
from CVD 52100 steel. The applied tangential loading is one third the normal loading. The 
comparison between the Smith and Liu solution and the ABAQUS simulation results is 
shown in Figure 4.1. 
Generally there is good agreement between the ABAQUS solution and the Smith and 
Liu [9] solution. The small differences between the ABAQUS results and the Smith and Liu 
solution vanishes as you move away from the contact surface. The predicted Von Mises 
stresses by ABAQUS show good agreement with the Smith and Liu solution with a 
percentage error of 0.74% near the contact surface and a maximum error of 11.7%. The 
location of the maximum stress found by ABAQUS agrees with the theoretical value of the 
depth found by Smith and Liu. 
The Von Mises solution of Smith and Liu shows a dip near the surface. This behavior 
might be related partially to the fact that the Smith and Liu equations are not valid at the 
contact surface so instead the Hertzian equation is used there. On the other hand, the 
ABAQUS solution may not be able to predict that behavior near the contact surface due to 
the lack of sufficient nodes in that region. Even so, the good agreement between the two 
solutions was enough to verify the ABAQUS solution and consider it for the hollow models. 
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Figure 4.1 ABAQUS results verification with Smith and Liu solution of identical sized CVD 
52100 steel roller model under combined normal and tangential loading 
4.2.2 Results for Model 1 with Different Percentage of Hoilowness: 
Results for all the identical sized roller models with different percentage of 
hoilowness when subjected to a combined tangential and normal loading are shown in Figure 
4.2. Figure 4.2.a is for full scale, while Figure 4.2.b is only for the region of the figure that 
represents the risk volume, where the stresses are higher than the endurance limit of CVD 
52100 steel. Figure 4.2.a shows how stresses in the solid roller go down as you move away 
from the contact surface. But the Von Mises stresses in the hollow rollers decrease as you 
move away from the contact surface, and then start to increase again because of the bending 
stress effect on the inner surface. Figure 4.2.b shows that the risk volumes of the hollow 
rollers are smaller than the risk volume of the solid roller, except for the cases of the 80% 
and 20% hoilowness models and the values of stress are smaller than the values of stress in 
the solid roller. 
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Figure 4.2.a Identical sized CVD 52100 steel roller models under combined normal and 
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Figure 4.2.b Identical sized CVD 52100 steel roller models under combined normal and 
tangential loading (Risk Volumes) 
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For both solid roller and all the hollow rollers, the risk volume extends from the 
contact surface (depth = 0.0) to the point where the curve intersects the depth axis. All model 
behaviors are almost linear in the risk volume region as shown in Figure 4.2.b. The best 
redistribution of stresses there is in the case of 50% hoilowness model with both rollers 
hollow. The contact stresses are the smallest there compared to the solid model and to other 
hollow models. The 20% hoilowness model explains the idea of redistribution of contact 
stresses by making the roller hollow. The contact stresses decreased there compared to the 
case of the solid roller. But as a result of the stress redistribution, the stresses under the 
surface became bigger than for the solid roller. Even so, the overall risk volume is getting 
smaller and values of stress there are less than stress values in the solid roller. 
For both hollow models and the solid model, the maximum Von Mises stress is 
located on the contact surface as shown in Figure 4.2.b. Moreover, the maximum stress 
points for all models were shifted in the same direction of the tangential force. 
Some differences were found between models when only one roller is hollow and 
models with both rollers hollow. Except in the case of 70% hoilowness, it can be seen that 
having both rollers hollow decreases the volume under risk and decreases the stress values 
there resulting in increased fatigue life. 
The IH theory was applied on the stress values obtained by ABAQUS. The results of 
the relative fatigue life estimation using Eq. (2.5) are summarized in Table 4.1. Estimated 
values of the relative fatigue lives show a great improvement in the fatigue lives of hollow 
rollers especially when the percentage of hoilowness is between 40% and 70%. The highest 
relative fatigue life is 96 which is for the case of the 50% hoilowness model with both rollers 
hollow. Models with both rollers hollow have longer fatigue life except for the case of 70% 
where the bending stress starts to affect the contact surface stresses when both rollers are 
hollow. So, very high flexibility of the model might affect the distribution of the stresses in 
the contact region, enhancing the effect of the bending stresses. This then results in 
decreasing the fatigue life as seen for the 70% hoilowness case with both rollers hollow and 
the 80% hoilowness models. 
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Table 4.1 Relative fatigue life estimation of CVD 52100 steel Model 1 under combined 
normal and tangential loading using IH theory 
Model Name Relative Fatigue Life 
M 1-20 ONE 4.1 
M 1-20 TWO 6.4 
M 1-40 ONE 9.9 
M 1-40 TWO 35.6 
M 1-50 ONE 20.6 
M 1-50 TWO 96.3 
M 1-60 ONE 23.9 
M 1-60 TWO 70.6 
M 1-70 ONE 29.8 
M 1-70 TWO 13.2 
M 1-80 ONE 1.9 
M 1-80 TWO 2.5 
4.2.3 Model 1 Optimum Percentage of Hoilowness: 
Figure 4.3 shows the relative fatigue life versus the percentage of hoilowness for both 
cases; when one roller is hollow and when both rollers are hollow. For both rollers hollow, 
the optimum percentage of hoilowness is around 50%. That might be related to a 
compromise between the flexibility and the good stress redistribution in this model. For 
models with one hollow roller, the optimum hoilowness is around 70%. So, both factors 
should be taken into consideration when looking for the longest fatigue life; whether the 
model has two hollow rollers in contact or only one of them is hollow and the percentage of 
hoilowness. 
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Figure 4.3 Optimum percentage of hoilowness of CVD 52100 steel identical sized rollers 
under combined normal and tangential loading 
4.2.4 Model 1 Results for Different Kinds of Steels: 
As shown in chapter three using IH theory, the endurance limit of the bearing 
material determines its fatigue life. So, rollers made of other bearing steels have been tested 
for their fatigue lives when subjected to a combined normal and tangential loading. Those 
steels are induction-hardened steel, MSONiL steel, carburized steel and VIMVAR M50 steel. 
The following sections summarize the results of those materials and show the optimum 
percentage of hoilowness for each material. 
4.2.4.1 Induction-Hardened Steel: 
The induction-hardened steel has an endurance limit of 450 MPa. So, larger risk 
volumes are expected. As shown in Figure 4.4.a, the overall results and the general trends are 
found to be similar to those of the CVD 52100 steel. This figure shows all risk volumes for 
all percentage of hoilowness models including risk volumes on the inner surface of the 80% 
models resulting from bending stresses there. 
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Figure 4.4.a Identical sized induction-hardened steel roller models under combined normal 
and tangential loading (All Risk Volumes) 
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Figure 4.4.b Identical sized induction-hardened steel roller models under combined normal 
and tangential loading (Effective Risk Volumes) 
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Therefore, the risk volume for the 80% model is not only in the contact region, but 
also at the inner surface. The fatigue life determined by the bending stresses is greater than 
that determined by contact stresses. Hence, the fatigue life for the 80% hoilowness rollers are 
determined by the risk volumes in the contact region, not the risk volumes due to bending 
stresses. However, bending stresses affected the contact stresses by increasing the shear 
stress component and so decreased the overall fatigue life of the 80% hoilowness models. 
The bending stresses risk volumes of the 80% hoilowness models are shown in Appendix F 
figures. 
Figure 4.4.b shows that although results follow the same general trend as for the CVD 
52100, most, including the solid model, started to deviate from linear behavior. The solid 
model shows a great decrease in its risk volume compared to the hollow models. Although 
the 50% hoilowness models are shown to have the smallest contact stress values, they have 
larger risk volumes compared to the 60% and 70% hoilowness models. So, numerical 
estimations are needed to show the optimum percentage of hoilowness. 
Numerical results of the estimated relative fatigue lives using Eq. (2.5) are shown in 
Table 4.2. Since there is an increase in all risk volumes including the solid model, the relative 
fatigue life values here are much smaller than for the case of CVD 52100 steel. Even so, 
hollow models with a percentage of hoilowness between 40% and 70% show good 
improvement in the relative fatigue life. Models of 20% and 80% hoilowness seem to have 
longer fatigue lives than the solid model, but not with significant improvement. The 50% 
hoilowness model with both rollers hollow has the longest relative fatigue life of 10.4. This 
number is reduced by 50% when only one of the rollers is hollow. 
Figure 4.5 shows the optimum percentage of hoilowness for induction-hardened steel. 
When both rollers are hollow, the optimum hoilowness is a little greater than 50%. The other 
optimum hoilowness curve shows that when only one roller is hollow, the optimum 
hoilowness shifts to be a little less than 70%. 
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Figure 4.5 Optimum percentage of hoilowness of induction-hardened steel identical sized 
rollers under combined normal and tangential loading 
Table 4.2 Relative fatigue life estimation of induction-hardened steel Model 1 under 
combined normal and tangential loading using IH theory 
Model Name Relative Fatigue Life 
M 1-20 ONE 1.4 
M 1-20 TWO 1.8 
M 1-40 ONE 3.4 
M 1-40 TWO 6.2 
M 1-50 ONE 5.1 
M 1-50 TWO 10.4 
M 1-60 ONE 5.8 
M 1-60 TWO 9.7 
M 1-70 ONE 7.0 
M 1-70 TWO 4.7 
M 1-80 ONE 1.4 
M 1-80 TWO 1.6 
Model 1 One Combined Loading 
Model 1 Two Combined Loading 
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4.2.4.2 M50NiL Steel: 
The MSONiL steel has an endurance limit of 510 M Pa, which is a little larger than the 
endurance limit for induction-hardened steel. So, the general trend for the MSONiL models is 
close to that of induction-hardened steel. The risk volumes are expected to be smaller than 
those for induction-hardened steel. The effect of the bending stresses at the inner surface of 
the 80% hoilowness models is shown Figure 4.6.a. Again bending stresses do not directly 
affect the fatigue life of the 80% hoilowness roller since the risk volume created and the 
value of the stress there are smaller than that created by the contact stresses. Even though, 
they affect the contact stresses by increasing the shearing stresses there. Figure 4.6.b shows 
the effective risk volumes which determine the fatigue lives of those models. The non 
linearity of hollow models is reduced compared to the hollow models of induction-hardened 
steel, but the solid model still has a non linear behavior. 
The numerical results summarized in Table 4.3 show that models with two hollow 
rollers have longer fatigue lives than models with one hollow roller of the same percentage of 
hoilowness. That is true for all hollow models, especially for 50% and 60% hoilowness, 
except for the case of 70% hoilowness. Figure 4.7, which depicts the optimum hoilowness, a 
trend similar to that of the induction-hardened steel, except values of the fatigue lives here 
higher. Generally, models with both rollers hollow give longer fatigue life, but that is not the 
case for the 70% hoilowness model that gave the longest fatigue life with the optimum 
hoilowness for models with only one hollow roller. Again the optimum hoilowness for 
models with two hollow rollers is around 50%. 
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Table 4.3 Relative fatigue life estimation of MSONiL steel Model 1 under combined normal 
and tangential loading using IH theory 
Model Name Relative Fatigue Life 
M 1-20 ONE 1.7 
M 1-20 TWO 2.3 
M 1-40 ONE 4.1 
M 1-40 TWO 8.4 
M 1-50 ONE 6.5 
M 1-50 TWO 15.1 
M 1-60 ONE 7.4 
M 1-60 TWO 13.5 
M 1-70 ONE 9.0 
M 1-70 TWO 5.6 
M 1-80 ONE 1.5 
M 1-80 TWO 1.7 
j "# Model 1 One Combined Loading 
| Model 1 Two Combined Loading 
Percentage of Hoilowness (%) 
Figure 4.7 Optimum percentage of hoilowness of MSONiL steel identical sized rollers under 
combined normal and tangential loading 
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4.2.4.3 Carburized Steel: 
The carburized steel endurance limit is 590 MPa, which is greater than MSONiL steel 
but smaller than the CVD 52100 steel. Compared to MSONiL steel the risk volumes resulting 
from bending stresses on the inner surfaces for the 80% hollowness models are not present as 
shown in Figure 4.8. Bending stresses there have lower values than 590 MPa, the endurance 
limit of the carburized steel, and so they do not form any risk volume there. Figure 4.8 shows 
that all hollow models behave linearly, but the solid model does not. 
Figure 4.9, which shows the optimum hollowness for the carburized steel, looks 
exactly the same as Figure 4.7 for the MSONiL steel and Figure 4.5 for the induction-
hardened steel, but values for fatigue lives here are higher. This can be clearly seen when 
comparing values in Table 4.4 with Table 4.3 and Table 4.2. The optimum hollowness is 
almost the same for the three steels; around 70% in the case of one hollow roller and around 
50% in the case where both rollers are hollow. 
Table 4.4 Relative fatigue life estimation of carburized steel Model 1 under combined 
normal and tangential loading 
Model Name Relative Fatigue Life 
M 1-20 ONE 2.4 
M 1-20 TWO 3.4 
M 1-40 ONE 5.7 
M 1-40 TWO 14.3 
M 1 -50 ONE 10.0 
M 1-50 TWO 29.3 
M 1-60 ONE 11.4 
M 1-60 TWO 24.6 
M 1-70 ONE 14.0 
M 1-70 TWO 7.8 
M 1-80 ONE 1.6 
M 1-80 TWO 2.0 
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Figure 4.9 Optimum percentage of hollowness of carburized steel identical sized rollers 
under combined normal and tangential loading 
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3.2.4.4 VIMVAR M50 Steel: 
The endurance limit of VIMVAR M50 steel is 720 MPa, which is higher than the 
CVD 52100 steel endurance limit and all other tested steels. This high value of the endurance 
limit reduces the resulting risk volumes and increases the fatigue life. All models in Figure 
4.10 including the solid one have an almost linear distribution of Von Mises stress with 
depth. The most notable behavior in this figure is that of the 70% hollowness models. 
Although they have higher contact stresses than the 40% and 60% hollowness models, the 
values of stress in the 70% hollowness models go down faster than 40% and 60% hollowness 
models forming smaller risk volumes. Even so, values of the fatigue lives in Table 4.5 show 
that both 40% and 60% models have longer fatigue lives than the 70% models. This shows 
the effect of high contact stresses in decreasing the fatigue life. The 50% hollowness model 
with both rollers hollow has a relative fatigue life of 216 which is very high compared to 
other hollow models. 
Table 4.5 Relative fatigue life estimation of VIMVAR M50 steel Model 1 under combined 
normal and tangential loading using IH theory 
Model Name Relative Fatigue Life 
M 1-20 ONE 5.8 
M 1-20 TWO 9.6 
M 1-40 ONE 14.0 
M 1-40 TWO 64.9 
M 1-50 ONE 32.7 
M 1-50 TWO 216.8 
M 1-60 ONE 38.3 
M 1-60 TWO 143.2 
M 1-70 ONE 48.5 
M 1-70 TWO 18.3 
M 1-80 ONE 2.1 
M 1-80 TWO 2.8 
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Figure 4.10 Identical sized VIMVAR M50 steel roller models under combined normal and 
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Figure 4.11 Optimum percentage of hollowness VIMVAR M50 steel identical sized rollers 
under combined normal and tangential loading 
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ABAQUS figures of the VIMVAR M50 Steel 80% hollowness models are shown in 
Appendix F. Figures there compare the risk volumes of the 80% hollowness models when 
they are made of induction-hardened steel and VIMVAR M50 Steel. 
Figure 4.11 shows the optimum hollowness for VIMVAR M50 steel. For one hollow 
roller models, the curve looks like that for other steels but with higher values of the relative 
fatigue lives. The optimum is near 70% hollowness. For models of two hollow rollers, the 
50% model has the maximum relative fatigue life. 
4.3 Results of Models with Non Identical Sized Rollers (Model 2): 
4.3.1 ABAQUS Results Verification with Smith and Liu Solution: 
The ABAQUS solution for the non identical sized roller model (Model 2) in pure 
rolling contact was verified by the analytical solution of Smith and Liu [9]. Figure 4.12 
shows the comparison between the two solutions for five kinds of stress. Again the 
ABAQUS solution failed to show the little dip in the Smith and Liu solution for the Von 
Mises stresses near the contact surface. This is likely related to the nature of Smith and Liu 
solutions that are not valid at the contact surface. The Hertz approach is used to get stresses 
there. It might also be related to the lack of a sufficient number of finite element nodes in that 
region to capture the fast change in the stress values. The percentage error in the ABAQUS 
results of the Von Mises stress on the contact surface is 1.56% and the maximum error is 
8.88%. This error is acceptable; especially since we are interested in the relative fatigue life 
rather than absolute values of the fatigue life and stresses. 
4.3.2 Results for Model 2 with Different Percentage of Hollowness: 
The earlier discussion of this chapter dealt with two identical sized rollers in pure 
rolling contact. In this section the results of non identical sized rollers in pure rolling contact 
are discussed. 
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Figure 4.12 ABAQUS results verification with Smith and Liu solution of non identical sized 
CVD 52100 steel roller model under combined normal and tangential loading 
Figure 4.13.a shows the results from ABAQUS for Model 2 under combined normal 
and tangential loading. All hollow models show linear response of the stress values with 
depth. The solid model is almost linear, but actually it is not. The general response of hollow 
rollers follows that found for Model 1. Stress values go down as we move away from the 
contact surface, then they start to increase again as we approach the inner surface because of 
the bending stress effect. The solid model has a little different response than the response for 
identical sized rollers. Figure 4.13.a shows that for the solid model stress values start to 
increase for locations closer to the center of the solid roller. This phenomenon was not 
present before for identical sized rollers. It might be related to an increase of the flexibility of 
the bigger roller and the expansion in the diameter of the roller in the horizontal direction at 
the center of the roller. 
As shown in Figure 4.13.b all hollow roller models gave a smaller risk volume and 
lower stress values there than the solid rollers except in case of the 20% hollowness models. 
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Figure 4.13.a Non identical sized CVD 52100 steel roller models under combined normal 
and tangential loading (Full Scale) 
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Figure 4.13.b Non identical sized CVD 52100 steel roller models under combined normal 
and tangential loading (Risk Volumes) 
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The 20% models have lower values for contact stresses than the solid model, but the 
risk volume is larger than the solid model. The 80% hollowness model with both rollers 
hollow has a higher contact stress value than the solid model. However, the stress values of 
the hollow rollers come closer to that of the solid roller stress values away from the contact 
region. They increase near the inner surfaces because of the bending stresses there. 
Although the 20% hollowness model succeeded in redistributing of the contact 
stresses and decreasing the contact stress values, but it redistributed the stresses in a region 
close to the contact surface. So, the risk volume is greater than the solid roller risk volume. 
That might be related to the limited flexibility of the 20% hollowness roller. The 80% 
hollowness model with both rollers hollow has the contact stress values higher than the solid 
model. That is a result of the increase in the bending stresses on the contact region. 
Increasing the flexibility is not enough to decrease the contact stress values especially when 
the rollers are unable to carry the loading. For identical sized models, models with two 
hollow rollers showed longer fatigue life than models with one hollow roller except for the 
70% hollowness model. For these non identical sized models, 50%, 70% and 80% 
hollowness models follows that trend. Again the reason is the flexibility. When the larger 
roller is hollow, it gives more flexibility for the model which up to 40% hollowness is 
preferable. But for higher percentage of hollowness flexibility starts to have a reverse effect 
while increases the contact stresses and decreasing the fatigue life. Table 4.6 shows that the 
50% and 70% hollowness models with one hollow roller have much longer fatigue lives than 
models of the same hollowness with both rollers are hollow. The 60% hollowness models 
show values close to the relative fatigue life for both kinds of models. 
As explained before, as long as the relative fatigue life value is greater than I, then 
there is improvement in the fatigue life compared to the solid roller fatigue life. The first case 
to see there is no improvement in the fatigue life is the 80% hollowness model when both 
rollers are hollow and subjected to a combined normal and tangential loading. As seen in 
Table 4.6, the relative fatigue life is only 0.5. Which means such a model will last only half 
the life of the solid model under the same loading conditions. 
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Table 4.6 Relative fatigue life estimation of CVD 52100 steel Model 2 under combined 
normal and tangential loading using IH theory 
Model Name Relative Fatigue Life 
M 2-20 ONE 5.2 
M 2-20 TWO 18.0 
M 2-40 ONE 15.0 
M 2-40 TWO 47.6 
M 2-50 ONE 179.9 
M 2-50 TWO 119.2 
M 2-60 ONE 85.5 
M 2-60 TWO 87.5 
M 2-70 ONE 72.0 
M 2-70 TWO 21.4 
M 2-80 ONE 7.4 
M 2-80 TWO 0.5 
4.3.3 Model 2 Optimum percentage of Hollowness: 
The numerical results in Table 4.6 were plotted in Figure 4.14 to determine the 
optimum percentage of hollowness. For models with one hollow roller, the 50% hollowness 
model is clearly seen as the optimum. It has much greater relative fatigue life compared to 
other models especially the 80% hollowness model with one hollow roller that has relative 
fatigue life of 0.5. So, a logarithmic scale is used on the relative fatigue life axis to be able to 
show relative fatigue life for all models. On the same curve, the 60% and 70% hollowness 
show close results but that did not change the general trend of decreased fatigue life as the 
percentage of hollowness is increased above 50%. The curve of models with both rollers 
hollow looks smoother with the optimum point at 50% hollowness too. 
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Figure 4.14 Optimum percentage of hollowness of CVD 52100 steel non identical sized 
rollers under combined normal and tangential loading 
4.3.4 Model 2 Results for Different Kinds of Steels: 
As was done for Model 1, the analysis using CVD 52100 steel has been extended 
using four other kinds of steel. The following sections show the discussion and results of 
these analyses. 
4.3.4.1 Induction-Hardened Steel: 
Analyses were done for induction-hardened steel. As mentioned earlier the induction-
hardened steel has an endurance limit of 450 MPa, which is the lowest among the steels used 
in this work. Results of risk volumes are shown in Figures 4.15.a and 4.15.b. Figure 4.15.a 
shows all risk volumes along a section passing through the contact point. Those risk volumes 
include risk volumes on the inner surface of the 80% hollowness models resulting from 
bending stresses there. As seen in the figure, the volumes of these risk regions and the values 
of stress there are much smaller than the risk volumes in the contact region and the values of 
stress there. 
-Model 2 One Combined loading 
-Model 2 Two Combined loading j 
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Figure 4.15.a Non identical sized induction-hardened steel roller models under combined 
normal and tangential loading (All Risk Volumes) 
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Figure 4.15.b Non identical sized induction-hardened steel roller models under combined 
normal and tangential loading (Effective Risk Volumes) 
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ABAQUS figures show the size and location of all risk volumes of 80% hollowness 
models are posted in Appendix F. So, most probably the failure will occur at the contact 
region. Figure 4.15.b shows the effective risk volumes near the contact region. The general 
trend of some of the models starts to deviate from linearity. This is especially true for the 
solid model, the 80% hollowness models and the 40% hollowness model with one hollow 
roller. Many interactions are present between curves in Figure 4.15.b. Thus, the numerical 
results in Table 4.7 might help more in determining the relative fatigue life. The 20% and 
40% hollowness models with two hollow rollers show longer fatigue life than models of the 
same percentage of hollowness with only one hollow roller. However, the 60% hollowness 
model shows the same results for models with two hollow rollers and with only one hollow 
roller. The 50%, 70% and 80% hollowness models with one hollow roller show much longer 
fatigue lives than models with the same percentage of hollowness but with both rollers 
hollow. In general, values of the relative fatigue life in Table 4.7 for the induction-hardened 
steel are much smaller than the relative fatigue lives of CVD 52100 steel models. This 
applies for all models except for the 80% hollowness model with both rollers hollow. In that 
case the relative fatigue life increased from 0.5 to 0.9. Even so, both numbers show a 
reduction in the fatigue life compared to the solid model. 
Figure 4.16 shows the optimum percentage of hollowness for induction-hardened 
steel models. It is clear that for models with both rollers hollow the optimum hollowness with 
the longest fatigue life is between 50% and 60%. The optimum hollowness curve for one 
hollow roller shows an interesting behavior. It has two optimum points with a drop in 
between. The first optimum is approximately at 50% hollowness and the second is 
approximately at 70% hollowness. At 60% hollowness the fatigue life is less than for both 
50% hollowness and 70% hollowness. To investigate this behavior, we need to look again to 
Figure 4.15.b. Figure 4.15.b shows that the 70% hollowness models have the highest contact 
stress value then the 60% hollowness models. The 50% hollowness has a relatively low 
contact stress value. On the other hand, the 70% hollowness models have smaller risk 
volumes than the 60% and 50% hollowness models which have almost the same size of the 
risk volume. So, these two factors tend to balance one another resulting in the fatigue life 
behavior shown in Figure 4.16. 
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Table 4.7 Relative fatigue life estimation of induction-hardened steel Model 2 under 
combined normal and tangential loading using IH theory 
Model Name Relative Fatigue Life 
M 2-20 ONE 1.4 
M 2-20 TWO 2.3 
M 2-40 ONE 3.3 
M 2-40 TWO 5.1 
M 2-50 ONE 8.9 
M 2-50 TWO 7.9 
M 2-60 ONE 8.0 
M 2-60 TWO 8.0 
M 2-70 ONE 8.7 
M 2-70 TWO 5.3 
M 2-80 ONE 4.0 
M 2-80 TWO 0.9 
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Figure 4.16 Optimum percentage of hollowness of induction-hardened steel non identical 
sized rollers under combined normal and tangential loading 
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4.3.4.2 M50NiL Steel: 
This kind of steel has an endurance limit of 510 MPa, which is very close to the 
endurance limit of the induction-hardened steel. So the general behavior is almost the same 
as that of the induction-hardened steel with a slight increase in the relative fatigue life values 
as shown in Table 4.8. Figure 4.16.a shows all risk volumes including those resulting from 
bending stresses on the inner surfaces of the 80% hollowness models. Figure 4.16.b shows 
the effective risk volumes which determine the fatigue life of the different models. Table 4.8 
shows that the 60% hollowness model with one hollow roller has the same relative fatigue 
life if both rollers are hollow. For the 50%, 70% and 80% hollowness models with one 
hollow roller, the relative fatigue life is longer than the same models when both rollers are 
hollow. The longest relative fatigue life is obtained for the 50% hollowness model with one 
roller hollow. Again the 80% hollowness model that has two hollow rollers shows a shorter 
fatigue life than the solid roller. 
Table 4.8 Relative fatigue life estimation of MSONiL steel Model 2 under combined normal 
and tangential loading using IH theory 
Model Name Relative Fatigue Life 
M 2-20 ONE 1.7 
M 2-20 TWO 3.2 
M 2-40 ONE 4.2 
M 2-40 TWO 7.2 
M 2-50 ONE 13.6 
M 2-50 TWO 11.7 
M 2-60 ONE 11.3 
M 2-60 TWO 11.3 
M 2-70 ONE 11.9 
M 2-70 TWO 6.6 
M 2-80 ONE 4.4 
M 2-80 TWO 0.8 
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Figure 4.17.a Non identical sized MSONiL steel roller models under combined normal and 
tangential loading (All Risk Volumes) 
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Figure 4.17.b Non identical sized MSONiL steel roller models under combined normal and 
tangential loading (Effective Risk Volumes) 
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Figure 4.18 shows the optimum percentage of hollowness for both one hollow roller 
models and two hollow roller models. For models with both rollers are hollow, the optimum 
hollowness is between 50% and 60%. The curve of the optimum hollowness of models with 
one hollow roller shows two optimum points and a drop in between. The first one is a local 
optimum located near 70% hollowness. The second is the overall optimum located at 
approximately 50% hollowness. This behavior is related to the same reasons discussed for 
the case of optimum hollowness case for induction-hardened steel. 
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Figure 4.18 Optimum percentage of hollowness of MSONiL steel non identical sized rollers 
under combined normal and tangential loading 
4.3.4.3 Carburized Steel: 
As this kind of steel has an endurance limit of 590 MPa which is between the 
endurance limit of the MSONiL steel and the endurance limit of the CVD 52100 steel, the 
general trend lies between these two steels. The bending stress risk volumes of the 80% 
hollowness models are eliminated completely for this steel has as shown in Figure 4.19. 
Table 4.9 shows a significant increase in the relative fatigue life of all models except the 80% 
Model 2 One Combined Loading 
Model 2 Two Combined Loading | 
88 
hollowness model with both rollers hollow. The relative fatigue life there is reduced to 0.7. 
Figure 4.19 shows that for all hollow models Von Mises stresses behave almost linearly with 
depth. Relative life results are shown in Table 4.9. The 50% hollowness model with one 
hollow roller has the longest relative fatigue life of 31.2. 
Figure 4.20 shows curves for the optimum percentage of hollowness. For the model 
with both rollers hollow, the optimum is almost 50% hollowness. For models of one hollow 
roller, a local optimum occurs at 70% hollowness and the 60% hollowness model has almost 
the same relative fatigue life as the 70% hollowness model. 
Table 4.9 Relative fatigue life estimation of carburized steel Model 2 under combined 
normal and tangential loading using IH theory 
Model Name Relative Fatigue Life 
M 2-20 ONE 2.5 
M 2-20 TWO 5.7 
M 2-40 ONE 6.5 
M 2-40 TWO 13.5 
M 2-50 ONE 31.2 
M 2-50 TWO 25.0 
M 2-60 ONE 22.1 
M 2-60 TWO 22.3 
M 2-70 ONE 21.8 
M 2-70 TWO 10.0 
M 2-80 ONE 5.3 
M 2-80 TWO 0.7 
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Figure 4.19 Non identical sized carburized steel roller models under combined normal and 
tangential loading (Risk Volumes) 
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Figure 4.20 Optimum percentage of hollowness of carburized steel non identical sized 
rollers under combined normal and tangential loading 
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4.2.4.4 VIMVAR M50 Steel: 
The VIMVAR M50 steel has a high endurance limit of 720 MPa which makes the 
risk volumes smaller and the relative fatigue lives larger as shown in Figure 4.21 and Table 
4.10. Figure 4.21 shows that all risk volumes are reduced even for the solid model. But the 
percentage of reduction in the risk volumes for hollow models is more than for the solid 
model. That is why the relative fatigue lives increase. The optimum percentage of hollowness 
for both models; with one hollow roller and with two hollow rollers is 50% as shown in 
Figure 4.22. Because of the large variations in the relative fatigue life values between 
models, the logarithmic scale is used for the fatigue life axis in this figure. So, rollers made 
of materials which have high endurance limits like VIMVAR M50 steel, might last for 
infinite fatigue life if the stresses in the roller body are kept less than the endurance limit. 
This may also accomplished by applying lower loads on rollers made of materials with low 
endurance limits. In both cases, if the stresses in the roller body do not exceed the endurance 
limit of that material, very high and possibly infinite life can be achieved. 
Table 4.10 Relative fatigue life estimation of VIMVAR M50 steel Model 2 under combined 
normal and tangential loading using IH theory 
Model Name Relative Fatigue Life 
M 2-20 ONE 8.9 
M 2-20 TWO 43.4 
M 2-40 ONE 27.7 
M 2-40 TWO 127.3 
M 2-50 ONE 785.2 
M 2-50 TWO 427.5 
M 2-60 ONE 248.4 
M 2-60 TWO 258.2 
M 2-70 ONE 180.5 
M 2-70 TWO 37.2 
M 2-80 ONE 9.3 
M 2-80 TWO 0.4 
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Figure 4.21 Non identical sized VIMVAR M50 steel roller models under combined normal 
and tangential loading (Risk Volumes) 
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Figure 4.22 Optimum percentage of hollowness of VIMVAR M50 steel non identical sized 
rollers under combined normal and tangential loading 
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4.4 Analysis of the ABAQUS Figures: 
ABAQUS figures are attached in Appendices C and D to show the Von Mises stress 
redistribution in hollow rollers and compare that to the Von Mises stress distribution is the 
solid roller. Appendix C shows results for identical sized rollers and Appendix D for non 
identical sized rollers. Not all hollow models are shown in those figures, but three main 
cases; the solid model, the optimum model and the least improvement model. The first case 
is of two CVD 52100 steel solid rollers under combined normal and tangential loading; 
Model 1 and Model 2. The second case shows the optimum models; 50% hollowness model 
when both identical sized rollers are hollow, 70% hollowness model for the identical sized 
roller model with one hollow roller, 50% hollowness models for non identical sized roller 
models with both rollers hollow and with one roller hollow. The last case is the 80% 
hollowness models for both identical sized rollers and non identical sized rollers. These 80% 
hollowness models were chosen because they are the only cases of all percentage of 
hollowness tested, and showed shorted fatigue life than solid models. Each case is 
represented by three figures. The first figure shows the Von Mises stress distribution 
throughout the roller. The second figure shows the size and location of the risk volume in the 
roller. Finally a zoom on that risk volume is presented to show its shape, size in the third 
figure. 
Comparing Figures C.I with Figures C.2 and Figures C.3 one can explain how the 
fatigue life is improved for 70% and 50% hollowness since the risk volume is much smaller 
than the case of a solid roller and the values of stress there are much smaller. In Figures C.4 
the 80% hollowness roller has a bigger risk volume than that of the solid roller and values of 
stress there are a little higher than the values of stress in the solid roller. Making the roller 
hollow redistributes the contact stresses over a larger volume of the body of the hollow roller 
and decreases the concentration of stresses in the contact zone. In Figure C. 1 .a the dark blue 
color represents the region with very small value of stress that might go to zero. That figure 
shows that stresses are just concentrated in the contact zone in a narrow region and most of 
the solid roller body is colored with dark blue to indicate very low stresses there. On the 
other hand for the case of 50% hollowness model shown in Figure C.3.a and the 70% 
hollowness model shown in Figure C.2.a, most of the roller body is involved in the stresses 
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and only very small regions have that dark blue color. That is a result of redistribution of 
contact stresses on a larger area of the roller body and so getting smaller risk volumes. Figure 
C.4.a shows that most of 80% hollowness roller body got involved in the redistributed 
stresses. Even so, as shown in Figure C.4.b and Figure C.4.c the volume of the risk volume is 
getting bigger than the solid case by extending in the horizontal direction more than 
extending vertically. That is related to the increase in the contact batch between the two 
rollers. Moreover, the stress values in the 80% hollowness roller risk volume are higher than 
the values of stress in the solid roller. 
In all figures including solid model figures, it can be seen that the risk volume is 
shifted to the left. That is the direction of the tangential loading. So, the peak stress for both 
solid and hollow models is shifted to the left by a very short distance. In case of solid roller, 
this distance equals to 30% of the half of the contact batch length, as found by Smith and Liu 
[9]. As can be seen in Figures C.2, C.3 and C.4 this distance is increasing with increasing the 
percentage of hollowness. From these figures it cab be noted that the maximum stress is now 
is located on the surface of contact and not under the surface any more as it was the case for 
pure normal loaded rollers. 
The same results are found for the figures in Appendix D which represent Model 2. 
Figures D.2 and D.3 show 50% hollowness models which got the optimum hollowness for 
both cases; models with one hollow roller and models with two hollow rollers. For all hollow 
models, it is found that inner surfaces in the direction of the tangential loading are subjected 
to higher bending stress than inner surfaces on the other side as shown in Figure D.2.a, D.3.a 
and D.4.a. The roller half in the direction of tangential loading has higher stresses than the 
other half. So, those regions on the inner surfaces forms risk volumes for other steels with 
lower endurance limits like induction-hardened steel. 
A comparison between risk volumes of 80% hollowness models of induction-
hardened steel are compared to risk volumes of 80% hollowness models of VIMVAR M50 
steel when those models are subjected to combination of normal and tangential loading. The 
VIMVAR M50 steel has high endurance limit (720 MPa) and so risk volumes are smaller 
than induction-hardened steel which has smaller endurance limit (450 MPa). 
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CHAPTER FIVE 
DISCUSSION OF THE RESULTS: 
COMPARIOSN BETWEEN ROLLER MODELS UNDER 
DIFFERENT LOADING CONDITIONS 
5.1 Introduction: 
In this chapter discussion of the results involves two main comparisons. The first 
comparison is between models under pure normal loading and models under combined 
normal and tangential loading. This comparison is divided into two main sections; when the 
models are of identical sized rollers and when the models are of non identical sized rollers. 
The second comparison is between identical sized roller models (Model 1) and non identical 
sized models (Model 2) under same loading. The first loading condition is when both 
identical sized roller models and non identical sized roller models are subjected to pure 
normal loading and the second comparison is when both models are subjected to a combined 
normal and tangential loading. For all comparisons, results for CVD 52100 steel are used. 
5.2 Comparison between Models under Pure Normal Loading and 
Models under Combined Normal and Tangential Loading: 
5.2.1 Identical Sized Roller Models: 
The same normal loading value of 6.82 kN was used for all models. For models 
subjected to combined loading, a tangential component of load was added. The value of the 
tangential loading was one third the normal loading value. Table 5.1 compares the relative 
fatigue lives of Model 1 when subjected to pure normal loading to the relative fatigue lives 
with Model 1 subjected to a combined normal and tangential loading. It is clearly seen that 
the relative fatigue lives of Model 1 subjected to combined normal and tangential loading are 
much shorter than for the same models subjected to pure normal loading. This is due to 
increasing the load by adding a tangential component which increases the stress values. The 
general trend is the same under the two loading conditions. 
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For models with both rollers hollow, fatigue life increases as the hollowness 
percentage increases up to 60% hollowness for pure normal loading and 50% for combined 
loading, after that the relative fatigue life values start to decrease. For models with one 
hollow roller, the relative fatigue life is improved as the percentage of hollowness increases 
up to 70% hollowness for both loading conditions. So, the tangential loading component has 
reduced the relative fatigue life by almost one digit. 
Figure 5.1 shows a comparison between the optimum percentage of hollowness and 
the corresponding percentage of hollowness under the two loading conditions. For pure 
normal loading the optimums are the 60% hollowness for both rollers are hollow, and 70% 
hollowness for one roller is hollow. For the combined normal and tangential loading, the 
optimums are the 50% for both rollers hollow, and 70% hollowness for one roller hollow. 
Those models are plotted in Figure 5.1. 
Figure 5.1 .a shows the full scale, and Figure 5.1 .b is the risk volume region. The solid 
model is plotted under both loading conditions too. Figure 5.1 .a shows that all plotted models 
behave nearly the same away from the contact region. For the solid model under pure normal 
loading, stress values go down as you get away from the contact surface. However, under 
combined loading the stress values in the center start to go up again. The 50% hollowness 
model shows almost the same response away from the contact surface. The 60% and 70% 
hollowness models have higher bending stresses values on the inner surfaces under pure 
normal loading than under combined normal and tangential loading. 
For the CVD 52100 steel, the risk volumes are shown in Figure 5.1.b. In this figure 
very obvious differences are seen between models under the two loading conditions. Models 
under pure normal loading show an elliptical or second order response in the contact region. 
On the other hand, the same models show a nearly linear response in that region under 
combined normal and tangential loading. That applies for the solid model too. For all hollow 
models, the risk volume is under the surface and smaller than the risk volume under 
combined loading that extends from the contact surface with higher stress values. 
For models with one hollow roller, the optimum hollowness is the 70% hollowness 
model for both loading conditions. For models with both rollers hollow, the optimum was the 
60% hollowness model under pure normal loading, but shifts to the 50% hollowness model 
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under combined loading. So, the better percentage of hollowness is decreased to carry the 
combined loading effect. 
A comparison between optimum percentage of hollowness for Model 1 under pure 
normal loading and optimum percentage of hollowness of the same models under combined 
loading is shown in Figure 5.2. 
Table 5.1 Comparison between Model 1 under pure normal loading and Model I under 
combined normal and tangential loading 
Relative Fatigue Life 
Model Name Pure Normal Loading Combined Loading 
M 1-20 ONE 62.9 4.1 
M 1-20 TWO 69.5 6.4 
M 1-40 ONE 101.0 9.9 
M 1-40 TWO 230.3 35.6 
M 1-50 ONE 173.3 20.6 
M 1-50 TWO 287.6 96.3 
M 1-60 ONE 255.7 23.9 
M 1-60 TWO 392.1 70.6 
M 1-70 ONE 393.4 29.8 
M 1-70 TWO 325.1 13.2 
M 1-80 ONE 8.0 1.9 
M 1-80 TWO 8.7 2.5 
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Figure 5.2 Comparison between Model 1 optimum hollowness under pure normal loading 
and Model 1 optimum hollowness under combined normal and tangential loading 
5.2.2 Non Identical Sized Roller Models: 
Non identical sized roller models have one roller the same size as the identical sized 
model while the other roller is twice that size. This makes the contact patch width bigger and 
so the contact stresses decrease. Thus, the fatigue life of the non identical sized roller model 
is much longer under both loading conditions as shown in Table 5.2. The relative fatigue life 
values are very high, especially for 50%, 60% and 70% hollowness. They decrease by almost 
one digit when they are subjected to combined normal and tangential loading. 
Under pure normal loading it can be seen that generally models with one hollow 
roller have longer fatigue lives than models with both rollers hollow. This applies for all 
cases except that of 20% hollowness. In the case of combined loading, only 50%, 70% and 
80% hollowness models follow that trend. Other models have longer fatigue life when both 
rollers are hollow. The 80% hollowness model with both rollers hollow has more than twice 
the fatigue life of the solid roller model under pure normal loading. But under combined 
loading, it has only than half of the solid roller model fatigue life. This is the only case where 
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the hollow roller model has a shorter fatigue life than the solid one. It is related to the 
increase of flexibility and an increase in the effect of bending stresses which affect the 
contact stresses and decrease the fatigue life. 
Table 5.2 Comparison between Model 2 under pure normal loading and Model 2 under 
combined normal and tangential loading 
Model Name 
Relative Fatigue Life 
Pure Normal Loading Combined Loading 
M 2-20 ONE 16.3 5.2 
M 2-20 TWO 203.5 18.0 
M 2-40 ONE 533.4 15.0 
M 2-40 TWO 401.9 47.6 
M 2-50 ONE 1120.6 179.9 
M 2-50 TWO 696.2 119.2 
M 2-60 ONE 8862.0 85.5 
M 2-60 TWO 2438.1 87.5 
M 2-70 ONE 23026.6 71.7 
M 2-70 TWO 4840.8 21.4 
M 2-80 ONE 5.6 7.4 
M 2-80 TWO 2.2 0.5 
Numerical results shown in Table 5.2 are plotted in Figure 5.3 to compare the 
optimum percentage of hollowness of Model 2 under pure normal loading and under 
combined normal and tangential loading. As shown in Table 5.2, the values of the relative 
fatigue life of Model 2 under combined loading are much smaller than values of the relative 
fatigue life under pure normal loading. So, the logarithmic scale on the Y-axis is used in 
Figure 5.3 to show all curves. Model 2 with one hollow roller under combined loading has a 
local optimum at 70% hollowness, but the maximum relative fatigue life is found at 50% 
hollowness. 
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Figure 5.3 Comparison between Model 2 optimum hollowness under pure normal loading 
and Model 2 optimum hollowness under combined normal and tangential loading 
Figure 5.4.a shows the optimum models under pure normal loading and under 
combined loading. Generally 50% hollowness models show the same response. The 70% 
hollowness models show higher values of bending stresses on the inner surfaces when 
subjected to pure normal loading than when they are subjected to combined loading. The 
solid model under combined loading has greater stress values near the center of the roller. 
Figure 5.4.b shows the risk volume region for those models. Models under combined 
loading show almost linear behavior, but under pure normal loading their behavior is nearly 
second order. This figure shows how the optimum hollowness percentages are shifted from 
70% hollowness in the case of pure normal loading to 50% hollowness in the case of 
combined loading for both cases; one roller hollow and both rollers hollow. 
•Model 2 One Normal 
Model 2 Two Normal 
•Model 2 One Combined 
•Model 2 two Combined 
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The reason for this shift might be related to the increase of the load in the case of 
combined loading and so a roller stiffer than the 70% hollowness is needed to give longer 
fatigue life. Thus, the 50% hollowness model compromises between being stiff enough to 
hold the combined load, and being flexible enough to redistribute the contact stress and 
increase the fatigue life. 
All models, including the solid roller model under pure normal loading have their risk 
volumes and the peak stress values under the surface. When those models are subjected to 
combined tangential and normal loading, however, the risk volume moves toward the contact 
surface, and the peak value of the stress lies on the contact surface as shown in Figure 5.4.b. 
5.3 Comparison between Model 1 and Model 2 Under Different 
Loading Conditions: 
5.3.1 Model 1 and Model 2 under Pure Normal Loading: 
A comparison between the relative fatigue life of Model 1 and Model 2 is 
summarized in Table 5.3. In general, relative fatigue life values of Model 2 are higher than 
relative fatigue values of Model 1. The exceptions are the 20% hollowness model with one 
hollow roller and the 80% hollowness models. As explained before the Model 2 80% 
hollowness models are so flexible that the bending stresses on the inner surfaces start to have 
a significant effect on the contact stresses and the fatigue life. 
The optimum percentages of hollowness for both Model 1 and Model 2 under pure 
normal loading are shown in Figure 5.5. When one of the rollers is hollow the optimum 
hollowness for both Model 1 and Model 2 is approximately 70%. For Model 1 with both 
rollers hollow, the optimum hollowness is approximately 60%. Model 2 with both rollers 
hollow has the optimum hollowness around 70%. Even so, it can be said that the optimum 
hollowness for Model 1 and Model 2 under pure normal loading is between 60% and 70%. 
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Table 5.3 Comparison between Model I and Model 2 under pure normal loading 
MODEL 1 Relative Fatigue Life MODEL 2 Relative Fatigue Life 
M 1-20 ONE 62.9 M 2-20 ONE 16.3 
M 1-20 TWO 69.5 M 2-20 TWO 203.5 
M 1-40 ONE 101.0 M 2-40 ONE 533.4 
M 1-40 TWO 230.3 M 2-40 TWO 401.9 
M 1-50 ONE 173.3 M 2-50 ONE 1120.6 
M 1-50 TWO 287.6 M 2-50 TWO 696.2 
M 1-60 ONE 255.7 M 2-60 ONE 8862.0 
M 1-60 TWO 392.1 M 2-60 TWO 2438.1 
M 1-70 ONE 393.4 M 2-70 ONE 23026.6 
M 1-70 TWO 325.1 M 2-70 TWO 4840.8 
M 1-80 ONE 8.0 M 2-80 ONE 5.6 
M 1-80 TWO 8.7 M 2-80 TWO 2.2 
-Model 1 One Normal 
-Model 1 Two Normal 
-Model 2 One Normal 
-Model 2 Two Normal 
40 50 60 
Percentage of Hollowness (%) 
Figure 5.5 Comparison between the optimum hollowness of Model 1 and Model 2 under 
pure normal loading 
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Figure 5.6 shows the optimum hollowness models of both Model 1 and Model 2 
under pure normal loading. The full scale figure, Figure 5.6.a, shows that there is a 
significant difference between the two solid models of Model 1 and Model 2 in the middle 
region between the contact surface and the roller center. Model 2 has higher stress values 
there. Minor differences are shown in the same figure between Model 1 and Model 2 for 60% 
and 70% hollowness models. Model 2 has slightly higher bending stresses on the inner 
surfaces than Model 1. That is an expected result of greater flexibility and more deformation. 
Even so, as shown in Figure 5.6.b, the contact stresses of Model 2 with 70% hollowness have 
much smaller values than Model 1 with 70% hollowness. 
Model 2 has a longer fatigue life for the 70% model. In the case of 60% hollowness 
with both rollers hollow, Figure 5.6.b shows that Model 2 has a small decrease of the contact 
stress values compared to Model 1. But Table 5.3 shows a great difference in the relative 
fatigue life, 392 for Model 1 with 60% hollowness, and 2438 for Model 2 with 60% 
hollowness. The reason for that is the relative fatigue life of the solid model of Model 2 with 
respect to the solid model of Model 1 is 27. 
5.3.2 Model 1 and Model 2 under Combined Normal and Tangential 
Loading: 
A comparison is made between the relative fatigue life of Model 1 and the relative 
fatigue life of Model 2 when they are subjected to combined normal and tangential loading. 
This comparison shows how much improvement can be achieved when making the rollers 
hollow for identical sized rollers and how much improvement can be achieved when making 
rollers hollow for non identical sized rollers. 
Table 5.4 shows the numerical comparison between the relative fatigue life of Model 
1 and Model 2 under the same combined loading. These relative fatigue life numbers are with 
respect to their corresponding solid model; for Model 2 they are relative to Model 2 solid 
roller model and for Model 1 they are relative to the Model 1 solid roller model. 
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The relative fatigue life of the slid roller model of Model 2 with respect to the solid 
roller model of Model 1 is found to be 7. So, if we need to compare the fatigue life of a 
model from Model 2 with a certain percentage of hollowness with the fatigue life of a model 
from Model 1 with the same percentage of hollowness, values on the right column of the 
table should be divided by values on the left column then multiplied by 7. 
As shown in Table 5.4 Model 2 has longer relative fatigue lives than Model 1 for all 
percentages of hollowness except for the case of 80% hollowness with two hollow rollers. 
The same results are found in Figure 5.7. When models have two hollow rollers, the 
difference in the fatigue life is significant and the optimum percentage of hollowness is 
approximately 50% for both Model 1 and Model 2. In the case of one hollow roller, Model 2 
shows much greater improvement than Model 1, and the optimum percentage of hollowness 
shifts from 70% in the case of Model 1 to 50% in the case of Model 2. 
Table 5.4 Comparison between Model 1 and Model 2 under combined normal and tangential 
loading 
MODEL 1 Relative Fatigue Life MODEL 2 Relative Fatigue Life 
M 1-20 ONE 4.1 M 2-20 ONE 5.2 
M 1-20 TWO 6.4 M 2-20 TWO 18.0 
M 1-40 ONE 9.9 M 2-40 ONE 15.0 
M 1-40 TWO 35.6 M 2-40 TWO 47.6 
M 1-50 ONE 20.6 M 2-50 ONE 179.9 
M 1-50 TWO 96.3 M 2-50 TWO 119.2 
M 1-60 ONE 23.9 M 2-60 ONE 85.5 
M 1-60 TWO 70.6 M 2-60 TWO 87.5 
M 1-70 ONE 29.8 M 2-70 ONE 71.7 
M 1-70 TWO 13.2 M 2-70 TWO 21.4 
M 1-80 ONE 1.9 M 2-80 ONE 7.4 
M 1-80 TWO 2.5 M 2-80 TWO 0.5 
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combined normal and tangential loading 
The optimum hollowness models of both Model 1 and Model 2 are plotted in Figure 
5.8. Figure 5.8.a shows a minor increase in the stress value of the solid model of Model 2 
over the solid model of Model 1 at the center of the roller. Model 1 with 70% hollowness 
with one hollow roller has higher bending stresses on the inner surface than Model 2 with 
70% hollowness and one hollow roller. Other than that, no significant differences can be seen 
for the 50% hollowness models. Figure 5.8.b shows only the risk volume regions. All hollow 
models behave some what linearly in that region. Model 2 with 50% and 70% hollowness 
have smaller risk volumes with lower contact stresses than Model 1 with 50% and 70% 
hollowness. That is a result of increasing the contact patch width in the case of Model 2. For 
the same reason the solid roller model of Model 2 has a smaller risk volume with lower stress 
values than the solid roller model of Model 1. 
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5.4 The Effect of the Endurance Limit of the Material on the Fatigue 
Life: 
As mentioned earlier, five different steels with different endurance limits have been 
tested in this work; CVD 52100 steel, induction-hardened steel, M50NiL steel, carburized 
steel and VIMVAR M50 steel. Each of these steels has different value of the endurance limit 
which made it gives different value of the relative fatigue life than other steels. Induction-
hardened steel has the lowest endurance limit of 450 MPa. Then M50NiL steel which has an 
endurance limit of 510 MPa. The carburized steel endurance limit is 590 MPa. The CVD 
52100 steel endurance limit is 680 MPa. VIMVAR M50 steel has an endurance limit of 720 
MPa which is the highest among the used steels. 
To study the effect of the endurance limit on the relative fatigue life, the relative 
fatigue life of each percentage of hollowness is plotted versus the endurance limit of the 
material. Figures 5.9 and 5.10 are Model 1 when it is subjected to pure normal loading and 
when it is subjected to a combined normal and tangential loading respectively. 
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As shown in Figure 5.9, as the endurance limit value increases, the relative fatigue 
life increases too for all percentage of hollowness. The relationship between the relative 
fatigue life and the endurance limit value seems to be exponential. Figure 5.10 shows same 
trend of the relative fatigue life with respect to the endurance limit value. These figures can 
be used by roller bearing manufacturing companies to determine the material they want to 
use for certain fatigue life, or if they already have the material of the rollers, they can choose 
the percentage of hollowness of the rollers and whether the two rollers should be hollow or 
one roller only is hollow to get a certain value of the fatigue life. 
When the two rollers in contact are of non identical size, such that one of the rollers 
has double size the other, roller bearing manufacturing companies can use Figure 5.1 1 and 
5.12 to determine the fatigue life of the small roller for a certain material and certain 
percentage of hollowness. In Figure 5.11, from 40% to 70% hollowness, the relative fatigue 
life is infinite. It is represented on the plot as 109just to be able to plot it. In Figure 5.12, 
Model (TM 2-80 TWO) has a different response than all other models. As the endurance 
limit increases the fatigue life of that model exponentially decreases. 
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CHAPTER SIX 
CONCLUSIONS AND RECOMMENDATIONS 
6.1 Introduction: 
In the last three chapters all the results are shown in tables and figures and analyzed 
to investigate the fatigue life of solid and hollow rollers, with different percentage of 
hollowness, when they are in pure rolling contact with same size or double size rollers. This 
chapter draws some conclusions based on that discussion and suggests some 
recommendations concerning fatigue life of hollow rollers. 
6.2 Conclusions: 
Based on the research results, the main conclusions can be summarized in the 
following points: 
• Hollow rollers have longer fatigue life than solid rollers when subjected to either pure 
normal loading or a combination of normal and tangential loading. The fatigue life is 
improved as the hollowness percentage increases up to the optimum percentage of 
hollowness where the longest fatigue life can be obtained. That is related to a 
decrease in the contact stresses due to the flexibility of the hollow roller and the 
increase of the contact patch width. Those two reasons result in a redistribution of the 
contact stresses and which decreases the risk volumes, regions where stresses are 
higher than the endurance limit of the material where crack initiation may occur. 
• The optimum percentage of hollowness is the percentage of hollowness where the 
longest fatigue life can be achieved. It depends on many factors; such of the kind of 
material used, the loading conditions including the loading value and the loading type 
- whether it is pure normal loading or combined normal and tangential loading. It also 
depends on the two rollers in contact - whether they are of identical size or not and 
whether they are both hollow or just one of them hollow. All these factors have been 
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studied, and it was found that the optimum percentage of hollowness ranges between 
50% and 70%. 
• For a percentage of hollowness at or less than the optimum, it was found that the risk 
volume is under the loading region, not in the bending stress region. So, the failure of 
the hollow rollers within the applied loading range of this work, and for the five kinds 
of steels used, is due to contact stresses-not the bending stresses. The effect of 
bending stresses is not significant for hollowness percentages less than the optimum. 
• Increasing the percentage of hollowness more than the optimum results in reducing 
the fatigue life improvement achieved by the hollow roller. The bending stresses start 
to affect the stresses in the contact zone significantly by increasing the shearing stress 
values there, which increases the contact stress values and the risk volumes. 
• For percentages of hollowness more than the optimum, bending stresses on the inner 
surface start to form risk volumes on the inner surfaces of the hollow rollers and 
significantly affect the contact stresses by increasing the shearing stress values. 
Bending stresses on the outer surfaces form risk volumes which reduce the estimated 
fatigue life from contact stresses. The bending stresses on the outer surfaces affect the 
fatigue life estimation when the percentage of hollowness is higher than the optimum, 
like 80% and for materials with a low endurance limit like induction-hardened steel 
(450 MPa) or for high loading values. Even so, the stress values in the contact region 
and the risk volumes there are found to be larger than the stress values and risk 
volumes in the bending stress regions. Hence, failure is expected to happen mostly in 
the contact region. 
• In this work one loading value has been used with five different steels which have 
different values of endurance limit. It was found that using steel with a low endurance 
limit value, like induction-hardened steel (450 MPa), will increase the risk volume 
and decrease the fatigue life, which is equivalent to the effect of high loading. So, 
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using a very low loading value or a material with a very high endurance limit under 
certain loading might result in having all stress values in the roller less than its 
endurance limit. That leads to infinite fatigue life of the roller. 
• In the case of a roller in contact with two other rollers, one of identical size and the 
other larger, as is the case for the traction drive developed by Flugrad and Qamhiyah 
[2], the fatigue life resulting from contact with the same size roller is shorter than the 
fatigue life resulting from contact with a bigger sized roller. Using Miner's rule, the 
fatigue life of that roller is determined by contact with both rollers and the resulting 
fatigue life is smaller than the fatigue life determined by contact with the identical 
sized roller alone. 
• The maximum stress value and so the crack propagation initiation point may be under 
the surface for solid and hollow rollers. It starts to move towards the contact surface 
as the percentage of hollowness increases. For rollers subjected to a combination of 
tangential and normal loading, the highest risk point shifts toward the contact surface 
and deviates from the contact point in the direction of the tangential loading. As the 
percentage of hollowness increases the shift of the highest stress point towards the 
tangential loading direction increases. This can be seen in the figures of the solid 
model, the 50%, 70% and 80% hollowness models in Appendix C and Appendix D. 
• The optimum percentage of hollowness is a result of the optimization of the 
flexibility of the two rollers in contact. For very low flexibility, like for 20% 
hollowness models, the model behaves like a rigid body. For very high flexibility, 
like the 80% hollowness model, the bending stresses affect and reduce the fatigue 
life. So, increasing the contact patch width by increasing the percentage of 
hollowness is not enough to decrease the contact stresses. Increasing the percentage 
of hollowness more than the optimum increases the flexibility of the roller and 
decreases its ability to carry loads by increasing the effect of the bending stresses. 
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Since the Von Mises stress contains all the stress components, increasing the shearing 
stresses means higher Von Mises stress values and a shorter fatigue life. 
6.3 Recommendations: 
Based on the results and conclusions of this research, the following recommendations 
are suggested for rollers' manufacturers: 
o Consider using hollow cylindrical rollers instead of solid rollers in roller 
bearings, friction and traction drives. They have longer fatigue life which 
means time and money savings. 
o Choose the optimum percentage of hollowness based on the application taking 
into consideration the factors affecting the optimum percentage of hollowness 
discussed in this work. 
o Choose a material for the rollers with a high enough endurance limit for the 
application that gives the roller longer fatigue life which might be infinite, 
o Look for new economical and faster methods for manufacturing hollow 
rollers. 
On the other hand the following recommendations are given for researchers in this 
field: 
• More investigations should be made for different loading ranges taking 
into account all cases and factors discussed in this work. 
• Study other factors affecting the stress distribution in the roller and 
factors affecting its fatigue life like hysteresis and surface finish. 
• Consider the analysis done in this work including a thin lubricant film 
between the two rollers (elasto-hydrodynamic lubrication). 
• Perform the analysis for tapered rollers and spherical rollers. 
• Use the ABAQUS results of the deformations in the contact region of 
this work to find an analytical expression for the half contact patch 
width of hollow cylinders in contact. 
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• Experimental investigation should be done to verify the theoretical 
results found in this work. 
• Results of this work should be can be used to study the reliability of a 
system of rollers in series. 
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APPENDIX A 
ABAQUS FIGURES OF MODEL 1 UNDER PURE NORMAL 
LOADING 
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Figure A.l.b NM 1-00 
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APPENDIX B 
ABAQUS FIGURES OF MODEL 2 UNDER PURE NORMAL 
LOADING 
Figure B.La NM 2-00 
Figure B.l.b NM 2-00 
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APPENDIX C 
ABAQUS FIGURES OF MODEL 1 UNDER A COMBINED 
NORMAL AND TANGENTIAL LOADING 
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APPENDIX D 
ABAQUS FIGURES OF MODEL 2 UNDER A COMBINED 
NORMAL AND TANGENTIAL LOADING 
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APPENDIX E 
ABAQUS FIGURES OF 80% HOLLOWNESS MODELS 
UNDER PURE NROMAL LOADING 
Figure E.l.a NM 1-80 ONE (Induction-hardened steel) 
Figure E.l.b NM 1-80 ONE (VIMVAR M50 steel) 
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Figure E.2.a NM 2-80 ONE (Induction-hardened steel) 
Figure E.2.b NM 2-80 ONE (VIMVAR M50 steel) 
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APPENDIX F 
ABAQUS FIGURES OF 80% HOLLOWNESS MODELS 
UNDER A COMBINED NORMAL AND TANGENTIAL 
LOADING 
Figure F.l.a TM 1-80 ONE (Induction-hardened steel) 
Figure F.l.b TM 1-80 ONE (VIMVAR M50 steel) 
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Figure F.2.a TM 2-80 ONE (Induction-hardened steel) 
Figure F.2.b TM 2-80 ONE (VIMVAR M50 steel) 
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Figure F.4.a TM 2-80 TWO (Induction-hardened steel) 
Figure F.4.b TM 2-80 TWO (VIMVAR M50 steel) 
